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1 .  SUMMARY 

The photoe lec t rochemica l  e f f e c t s  t h a t  occur  a t  an i l l u m i n a t e d  semiconductor- 
l i q u i d  i n t e r f a c e  may provide a unique means of energy conversion and s torage .  A 
semiconducting e l e c t r o d e  i l l u m i n a t e d  by l i q h t  with energy g r e a t e r  than t h e  semicon- 
d u c t o r  bandgap energy may induce a chemical r e a c t i o n  among t h e  c o n s t i t u e n t s  of t h e  
i n t e r f a c i a l  region.  A model of the charge t r a n s p o r t  processes i n  t h e  semiconductor 
i s  presented  i n  t h i s  r e p o r t .  This  model is based upon semiconductor device  theo ry ,  
and it i n c o r p o r a t e s ,  i n  an e s s e n t i a l  way, the n o n l i n e a r  processes  c h a r a c t e r i z i n g  t h e  
d i f f u s i o n  and r e a c t i o n  of charge carriers i n  t h e  semiconductor. The model is used t o  
s tudy  c o n d i t i o n s  l i m i t i n g  u s e f u l  energy conversion,  s p e c i f i c a l l y  t h e  s a t u r a t i o n  of 
c u r r e n t  f low due t o  h igh  l i g h t  i n t e n s i t y .  Numerical r e s u l t s  d e s c r i b i n g  charge d i s -  
t r i b u t i o n s  i n  t h e  semiconductor and i ts  e f f e c t s  on t h e  e l e c t r o l y t e  are obta ined .  

R e s u l t s  of exper imenta l  e f f o r t s  are a l s o  summarized. These r e s u l t s  inc lude  t h e  
f o 1 lowing : 

1.  An estimate based on experiments of t h e  maximum rate a t  which a semiconductor 
photoe lec t rode  i s  capable  of conver t ing  e lec t romagnet ic  enerqy i n t o  
chemical energy 

2. The e f f e c t  of c e l l  temperature  on t h e  e f f i c i e n c y  of a photoelectrochemical  
c e l l  

3 .  A method f o r  determining t h e  p o i n t  of z e r o  z e t a  p o t e n t i a l  (pzzp) for 
macroscopic semiconductor samples 

4. A new technique u s i n g  p l a t i n i z e d  t i t an ium d i o x i d e  powders and u l t r a v i o l e t  
r a d i a t i o n  t o  produce c h l o r i n e ,  bromine, and i o d i n e  from s o l u t i o n s  
c o n t a i n i n g  t h e i r  r e s p e c t i v e  ions  

5. The r e s u l t s  of experiments c h a r a c t e r i z i n q  a new class of layered compounds 
c a l l e d  t r a n s i t i o n - m e t a l  thiophosphates  f o r  use  as photoe lec t rodes  i n  
photoe lec t rochemica l  cel ls  

6. A d i s c u s s i o n  of a technique used t o  produce h igh  conversion e f f i c i e n c y  from 
laser r a d i a t i o n  t o  chemical energy. 

2. INTRODUCTION 

In 1972, Fujishima and Honda (refs. 1 and 2) demonstrated t h a t  s u n l i q h t ,  i n c i -  
d e n t  upon a n  n-Ti02 electrode, would c a t a l y z e  t h e  e l e c t r o l y s i s  of w a t e r .  
r e s e a r c h  s t i m u l a t e d  much more s t u d y  (refs. 3 through 7)  of t h e  photoe lec t rochemica l  
processes  occur ing  a t  a semiconductor -e lec t ro ly te  i n t e r f a c e  and led to  the d iscovery  
of a v a r i e t y  of  u s e f u l  chemical r e a c t i o n s  s t i m u l a t e d  a t  t h e  s u r f a c e  of a photosens i -  
t i v e  e l e c t r o d e .  There i s  a growing body of evidence t o  s u q g e s t  t h e  p o s s i b i l i t y  of 
developing a semiconductor e l e c t r o d e  device capable  of c o n v e r t i n g  r a d i a n t  energy i n t o  
e lec t r ica l  enerqy or i n t o  a chemical f u e l .  If such a d e v i c e  could o p e r a t e  e f f i -  
c i e n t l y  and on a l a r g e  scale, t h e r e  would be impor tan t  a p p l i c a t i o n s  both on  Earth and 
i n  space. S p e c i f i c a l l y ,  there nay be some unique a p p l i c a t i o n s  of t h e s e  devices  i n  
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t h e  environment of space, where t h e y  can be used as a power supply or as part  of a 
propuls ion  system. One p a r t i c u l a r l y  i n t e r e s t i n g  concept  is t h a t  hydrogen and oxygen 
produced from solar r a d i a t i o n  by a semiconductinq electrode ce l l  may be used t o  
r e p l e n i s h  t h e  stores of t h e s e  chemicals consumed i n  a f u e l  cel l .  This would provide  
a closed-cycle  solar-energy system. It i s  a lso i n t e r e s t i n g  t o  conceive of t h i s  type  
of c e l l  as a r e c e p t o r  of energy t r a n s m i t t e d  from one p o i n t  i n  space t o  a n o t h e r  by a 
laser beam as par t  of a space e n e r g y - d i s t r i b u t i o n  network. 

Figure 1 i s  a r e p r e s e n t a t i o n  of a semiconductor-electrode e l e c t r o c h e m i c a l  c e l l .  
The c r i t i c a l  element  i n  such a ce l l  is t h e  combination of t h e  p h o t o s e n s i t i v e  semicon- 
d u c t o r  e l e c t r o d e  and the semiconductor -e lec t ro ly te  i n t e r f a c i a l  region.  It i s  w i t h i n  
t h i s  reg ion  t h a t  t h e  i n c i d e n t  photon energy is  t r a n s f e r r e d  throuqh v a r i o u s  energy 
levels i n  t h e  semiconductor and i n  t h e  e l e c t r o l y t e ,  u n t i l  it e v e n t u a l l y  appears  i n  a 
u s e a b l e  form as chemical or e l ec t r i ca l  energy. The overal l  process of c o n v e r t i n g  t h e  
i n c i d e n t  r a d i a n t  energy t o  i t s  f i n a l  f o r m  is t h e  r e s u l t  of  a series of simpler pro- 
cesses of a p h y s i c a l  or chemical nature .  In order to  understand t h e  o p e r a t i o n  of a 
complete photoe lec t rochemica l  cell ,  it i s  necessary  t o  understand t h e  i n d i v i d u a l  
processes which occur ,  as w e l l  as t h e  way each of t h e  separate processes a f fec t  each 
o t h e r .  In t h i s  r e p o r t ,  a t h e o r e t i c a l  t rea tment  of t h e  r e l e v a n t  processes t a k i n g  
place w i t h i n  t h e  semiconductor electrode and a t  its i n t e r f a c e  wi th  t h e  e l e c t r o l y t e  is 
descr ibed .  This t rea tment  is based upon a r i g o r o u s  a p p l i c a t i o n  of t h e  macroscopic 
theory  of charge genera t ion ,  recombination, and t r a n s p o r t  i n  semiconductors.  The 
equat ions  which are der ived  f o r  charge t r a n s p o r t  i n  a semiconductor electrode are 
nonl inear .  Therefore ,  an e x a c t  s o l u t i o n  w a s  n o t  obtained.  A s y s t e m a t i c  procedure 
f o r  o b t a i n i n g  approximate s o l u t i o n s  t o  them are developed, and numerical  r e s u l t s  
based upon t h e  approximations are presented.  The previous  t h e o r e t i c a l  work w a s  
developed from a l i n e a r i z e d  theory.  There i s  an i n h e r e n t  l i m i t a t i o n  i n  t h i s  
approach, i n  t h a t  r e s u l t s  from t h e  l i n e a r i z e d  theory  do n o t  apply i n  a l l  s i t u a t i o n s .  
There are some circumstances where t h e  n o n l i n e a r i t y  of t h e  processes is impor tan t ,  
and one can hope t o  g l e a n  some informat ion  about  t h e s e  circumstances from t h e  more 
r igorous  development presented  h e r e i n .  Treatment of t h e  s a t u r a t i o n  of p h o t o e f f e c t s  
i n  t h e  semiconductor a t  h igh  l i g h t  i n t e n s i t y  is one i l l u s t r a t i o n  of t h i s  p o i n t .  An 
a l t e r n a t i v e  method f o r  d i s c u s s i n g  t h e  t r a n s p o r t  of excess  charge carriers i s  pre- 
s e n t e d  i n  r e f e r e n c e s  7 and 8. It should a l s o  be noted t h a t  a l thouqh t h e  s p e c i f i c  
case of a semiconductor e l e c t r o d e  i s  addressed, t h e  theory  developed h e r e i n  i s  a p p l i -  
cable, with minor modi f ica t ions ,  t o  o t h e r  semiconductor devices .  

The major reg ions  of i n t e r e s t  w i t h i n  an e l e c t r o c h e m i c a l  c e l l  are shown i n  t h e  
schematic  i n  f i g u r e  1.  The phenomena r e s p o n s i b l e  f o r  photos t imula ted  c a t a l y s i s  o r  
f o r  t h e  product ion of e l e c t r i c i t y  i n  a semiconductor-electrode cell  are c o n t r o l l e d  by 
processes  t a k i n g  p l a c e  i n  t h e  semiconductor -e lec t ro ly te  i n t e r f a c i a l  region.  A 
detai led and thorough understanding of a l l  t h e s e  i n t e r r e l a t e d  processes  is l a c k i n g  a t  
p r e s e n t ,  b u t  t h e  fo l lowing  d e s c r i p t i o n  provides  a s k e t c h  of t h e  probable  e v e n t s  
o c c u r r i n g  i n  t h e  i n t e r f a c i a l  reqion.  When a semiconductor e l e c t r o d e  i s  brought  i n t o  
c o n t a c t  with an e l e c t r o l y t e ,  t h e r e  i s  a r e d i s t r i b u t i o n  of t h e  mobile charge w i t h i n  
t h e  semiconductor and of t h e  i o n i c  charge w i t h i n  t h e  e l e c t r o l y t e .  These r e d i s t r i b u -  
t i o n s  r e s u l t  i n  a s t e a d y - s t a t e  space-charge d i s t r i b u t i o n  throughout  the i n t e r f a c i a l  
region.  The space-charge d i s t r i b u t i o n  w i t h i n  t h e  e l e c t r o l y t e  i n t e r f a c i a l  reg ion  h a s  
been s t u d i e d  e x t e n s i v e l y  (refs. 9 through 12)  and can be d e s c r i b e d  adequate ly  by t h e  
Gouy-Chapman-Stern theory  of ionic-charqe d i s t r i b u t i o n  a t  s o l i d - l i q u i d  i n t e r f a c e s .  
The e x t e n t  of t h i s  charge d i s t r i b u t i o n  and t h e  n e t  charge conta ined  i n  it determine 
t h e  n e t  charge on the semiconductor. The space-charge d i s t r i b u t i o n  w i t h i n  the s e m i -  
conductor is t h e  source  of an e lec t r ic  f i e l d  near  t h e  s u r f a c e ,  and t h i s  f i e l d  p l a y s  
an important  role i n  the p h o t o s e n s i t i v i t y  of t h e  ce l l .  I l l u m i n a t i o n  of t h e  semicon- 
d u c t o r  by l i g h t  of s u f f i c i e n t l y  hiqh energy produces e lec t ron-hole  p a i r s  i n  t h e  s e m i -  



conductor.  These pairs are then  s e p a r a t e d  by this space-charge f i e l d .  P a r t  of t h e  
photoproduced charge i s  drawn t o  the s u r f a c e  of t h e  semiconductor,  where it can  
i n t e r a c t  ( v i a  e lectron t r a n s f e r )  wi th  t h e  e l e c t r o l y t e .  This  i n t e r a c t i o n  causes  a 
chemical r e a c t i o n  among t h e  c o n s t i t u e n t s  of t h e  i n t e r f a c i a l  reg ion .  

The e f f e c t  of t h e  r e d i s t r i b u t i o n  of charge i n  t h e  semiconductor e l e c t r o d e  when 
it is p laced  i n  c o n t a c t  wi th  t h e  s o l u t i o n  is to  produce an e lec t r ic  f i e l d  near  t h e  
sur face .  This f i e l d  g r a d i e n t  al ters t h e  semiconductor energy bands near  t h e  s u r f a c e  
(ref. 13) .  If t h e  electrode and t h e  e l e c t r o l y t e  are p laced  i n  c o n t a c t ,  t h e  energy 
levels  are as shown i n  f i g u r e  2 ( a ) .  This  f i g u r e  i l l u s t r a t e s  t h e  case of an n-type 
semiconductor e l e c t r o d e .  The Fermi energy of t h e  e l e c t r o l y t e  EF,REDox (chemical 
p o t e n t i a l )  is  determined by the s o l v e n t  and t h e  i o n i c  species i n  it. When t h e  s e m i -  
conductor electrode and the e l e c t r o l y t e  are placed i n  c o n t a c t ,  t h e r e  is a r e a d j u s t -  
ment i n  charge which b r i n g s  t h e  two Fermi energy l e v e l s  t o g e t h e r  a t  a va lue  extremely 
close t o  EF,REDOX. The s u r f a c e  va lues  of t h e  conduction band edge EC and t h e  
valence band edge % remain f i x e d ,  and t h e  f i n a l  energy-band p i c t u r e  i s  shown i n  
f i g u r e  2 ( b ) .  An impor tan t  s p e c i a l  va lue  of EF,REDOX is  t h a t  f o r  which t h e  band 
bending is zero,  t h e  f l a t  band energy E$,REDOX. The d i f f e r e n c e  between E:,REDOX 
and EFIREDOX i s  t h e  amount of band bending induced by t h e  e l e c t r o l y t e .  By u s i n g  
t h i s  band-bending p i c t u r e ,  t h e  o p e r a t i o n  of a photoe lec t rochemica l  cel l  can be repre- 
s e n t e d  as i n  f i g u r e  3. A photon, absorbed by t h e  semiconductor,  promotes an e l e c t r o n  
from the valence band t o  t h e  conduction band and leaves  a h o l e  i n  t h e  valence band. 
The photoproduced charges are s e p a r a t e d  by t h e  semiconductor space-charge f i e l d .  The 
e l e c t r o n  moves through t h e  bulk of t h e  semiconductor t o  t h e  e x t e r n a l  c i r c u i t ,  and t h e  
h o l e  moves t o  t h e  s u r f a c e ,  where it can i n t e r a c t  wi th  t h e  e l e c t r o l y t e  i n  an o x i d a t i o n  
r e a c t i o n .  The c u r r e n t  due t o  t h e  e l e c t r o n  motion through t h e  c i r c u i t  is compensated 
by a n  i o n i c  c u r r e n t  i n  t h e  e l e c t r o l y t e  t o  t h e  counter  e l e c t r o d e ,  where it par t ic i -  
pates i n  a reduct ion  r e a c t i o n .  

The e l e c t r o n i c  s ta tes  of i o n s  i n  s o l u t i o n  can be r e p r e s e n t e d  as e l e c t r o n  energy 
l e v e l s ,  s u b j e c t  t o  f l u c t u a t i o n s  i n  t i m e  due t o  t h e  thermal  motions of p o l a r  molecules 
i n  t h e  s o l u t i o n  ( r e f .  1 4 ) .  Thus, t h e r e  a r e  a t  l e a s t  two broadened e l e c t r o n i c  levels 
i n  t h e  e l e c t r o l y t e  corresponding t o  redox r e a c t i o n s  w i t h i n  t h e  ce l l .  There may he 
a d d i t i o n a l  energy l e v e l s  corresponding t o  e l e c t r o n i c  s ta tes  w i t h i n  t h e  semiconductor. 
One l e v e l  r e p r e s e n t s  t h e  enerqy of d i s s o c i a t i o n ,  and t h e  o t h e r  l e v e l s  may repre-  
s e n t  p o s s i b l e  s u r f a c e  states.  A l l  t h e s e  energy l e v e l s  i n  t h e  i n t e r f a c i a l  reg ion  a r e  
shown i n  f i g u r e  4. Althouqh some semiconductor-electrode e lec t rochemica l  ce l l s  may 
produce r e l a t i v e l y  l a r g e  photocurren ts ,  o t h e r s  decompose i r r e v e r s i b l y  because of t h e  
redox r e a c t i o n s  a t  t h e i r  s u r f a c e .  This decomposition occurs  when t h e  energy of d i s -  
s o c i a  ti on EF,REDOX, so  t h a t  t h e  d i s s o l u t i o n  of t h e  elec- 
t r o d e  i s  e n e r g e t i c a l l y  p o s s i b l e .  The e l e c t r o d e  shown i n  f i g u r e  4 w i l l  n o t  d i s s o l v e .  
There are c e r t a i n  semiconducting metal-oxide p h o t o e l e c t r o d e s  t h a t  are i n h e r e n t l y  
s t a b l e  (refs. 3 throuqh 5 ) .  [Jnfor tunately,  some of t h e  s table  semiconducting photo- 
anode materials ( T i 0 2  and SrTiO e.g.1 have bandgaps so l a r g e  t h a t  only u l t r a v i o l e t  
r a d i a t i o n  ( ~ 3  p e r c e n t  of t h e  solar spectrum) i s  absorbed. However, t h e  energy con- 
v e r s i o n  e f f i c i e n c y  (photo-to-chemical)  i s  q u i t e  high.  It h a s  been found r e c e n t l y  
t h a t  an a p p r o p r i a t e  e l e c t r o l y t e  o f t e n  s t a b i l i z e s  semiconducting e l e c t r o d e s  t h a t  w e r e  
thought  t o  be u n s t a b l e  ( re f .  3 ) .  Consequently, e l e c t r o d e s  wi th  bet ter  response t o  
t h e  solar spectrum might be developed. These s t a b i l i z e d  semiconductor -e lec t ro ly te  
j u n c t i o n s  have n o t  y e t  s t i m u l a t e d  e l e c t r o l y s i s .  
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3.  SYMBOLS 

-2 c r o s s - s e c t i o n a l  area of electrode, m2; a l so  a matrix of c o n s t a n t s ,  s 

dimensionless  parameter . c h a r a c t e r i z i n g  bulk c o n c e n t r a t i o n s  of e l e c t r o n s  and 
h o l e s  i n  semiconductors;  a lso a n  a r b i t r a r y  parameter 

numerical  index  

speed of l i g h t ,  m-s 

m a t r i x  wi th  d i f f u s i o n  c o e f f i c i e n t s  as elements ,  m2-s-’ 

d i f f u s i o n  c o e f f i c i e n t  for  e l e c t r o n s ,  m2-s -  

d i f f u s i o n  c o e f f i c i e n t  f o r  h o l e s ,  m2-s-l 

energy, e V  

e l e c t r o n  a f f i n i t y ,  e V  

energy l e v e l  of an acceptor atom, e V  

e f f e c t i v e  i o n i z a t i o n  energy of an acceptor atom r e f e r r e d  t o  vacuum 

-1 

1 

energy,  e V  

l o w e s t  energy i n  conduction band, e V  

energy of d i s s o c i a t i o n ,  e V  

e f f e c t i v e  i o n i z a t i o n  energy of a donor atom r e f e r r e d  t o  vacuum energy,  e V  

Fermi energy i n  a semiconductor,  e V  

Fermi energy of an i n t r i n s i c  semiconductor,  e V  

Fermi energy i n  e l e c t r o l y t e  a t  f l a t b a n d  c o n d i t i o n ,  e V  E ~ ,  REDOX 

EG 

EI 

bandgap energy, e V  

energy of b e n t  bands, e V  

e f f e c t i v e  energy of b e n t  bands, e V  E; 

E photon energy, e V  Ph 

energy level of s i n g l e  e l e c t r o n i c  s t a t e ,  e V ;  a l s o  
f i e l d  s t r e n g t h  a t  semiconductor s u r f a c e ,  V-m-’ 

e f f e c t i v e  energy l e v e l  of s i n g l e  e l e c t r o n i c  s t a t e  

ES 

E: 

magnitude of e lectr ic  

e V  

energy of s u r f a c e  s ta tes ,  e V  

h i g h e s t  energy i n  conduction band, e V  

ESS 

Ev 
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E(k1 e l e c t r o n i c  energy,  e V  

E(x1 electric f i e l d  s t r e n g t h ,  V-m" 

e e l e c t r o n i c  charge,  C 

FF f i l l  f a c t o r ,  dimensionless  

Fn n e t  source  of e l e c t r o n s ,  m-3-s-l 

F n e t  source  of h o l e s ,  m -3-s-1 P 

F(u1 m a t r i x  wi th  elements  g i v i n g  n e t  source of charge  carriers i n  a 
semiconductor,  m-3-s-1 

F1,2( 1 Fermi i n t e g r a l ,  d imensionless  

Fermi d i s t r i b u t i o n ,  dimensionless  

n e t  rate of g e n e r a t i o n  of e l e c t r o n s ,  m-3-s-1 

n e t  rate of g e n e r a t i o n  of h o l e s ,  m -s 

number of degenera te  s ta tes  of a vacant  e l e c t r o n i c  l e v e l  

number of degenera te  s ta tes  of an occupied e l e c t r o n i c  level 

ra te  of photoinduced q e n e r a t i o n  o f  charge carriers, m-3-s-1 

rate of thermal  genera t ion  of charge carriers, m-3-s-1 

f i r s t  i n t e g r a l  of Poisson-Boltzmann equat ion ,  dimensionless  

Planck c o n s t a n t ,  eV-s  

e lec t r ic  c u r r e n t ,  A 

matr ix  g i v i n g  inhomogeneous par t  of t r a n s p o r t  equat ion ,  C-s-m-2 

-3  -1 

inhomogeneous t e r m  i n  t r a n s p o r t  equat ion  -for e l e c t r o n s ,  C-m- 4 

inhomogeneous t e r m  i n  t r a n s p o r t  equat ion  for h o l e s ,  C-m-4 

photocurren t ,  A 

i n t e n s i t y  of i n c i d e n t  l i g h t ,  m'2-s-1 

s a t u r a t i o n  level of i n c i d e n t  l i g h t  i n t e n s i t y ,  m -2,s- 1 

e l e c t r o n  c u r r e n t  d e n s i t y ,  C-m-2-s-1 

h o l e  c u r r e n t  d e n s i t y ,  C-m-2-s'1 

c u r r e n t  d e n s i t y  due t o  a b s o r p t i o n  i n  t h e  Urbach reg ion ,  C-m-2-s'1 
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k 

Ln 

L 

L 

P 

03 

* 
m 

* 
mn 

P m 

NHE 

* 

NA 

NC 

ND 

NV 

n 

"b 

"D 

"i 

P 

PA 

pb 

Q* 

Rn 

RP 

sc 

SCE 

Boltzmann c o n s t a n t ,  J-K-' ; also par t ic le  wave number, m -1 

Debye l e n g t h ,  m 

e l e c t r o n  d i f f u s i o n  l eng th ,  m 

h o l e  d i f f u s i o n  l eng th ,  m 

effective Debye l eng th ,  m 

l i n e a r  f u n c t i o n a l  

e f f e c t i v e  mass, kg 

e l e c t r o n  effective mass, kg 

e f f e c t i v e  h o l e  mass, kg 

normal hydrogen electrode 

c o n c e n t r a t i o n  of acceptor atoms, m -3 

conduct ion band c o n c e n t r a t i o n  factor,  m- 3 

c o n c e n t r a t i o n  of donor atoms, m -3 

va lence  band c o n c e n t r a t i o n  f a c t o r ,  m- 3 

e l e c t r o n  c o n c e n t r a t i o n ,  m -3 

bulk va lue  of e l e c t r o n  concent ra t ion ,  m- 3 

c o n c e n t r a t i o n  of e l e c t r o n s  i n  donor atoms, m -3 

i n t r i n s i c  concent ra t ion ,  m -3 

hole  c o n c e n t r a t i o n ,  m -3  

c o n c e n t r a t i o n  of h o l e s  i n  acceptor atoms, m-3 

bulk value of hole  concent ra t ion ,  m- 3 

s u r f a c e  charge excess ,  C-m-2 

e l e c t r o n i c  charge,  C 

gas  c o n s t a n t ,  J-kmol-I -K" 

rate of recombination of e l e c t r o n s ,  m -3 -s  -1 

rate of recombination of ho les ,  m'3-~-1 

semiconductor 

s a t u r a t e d  calomel electrode 
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T temperature ,  K 

t t i m e ,  s 

U normalized e l e c t r o n  energy, dimensionless;  a lso m a t r i x  wi th  charge carrier 
c o n c e n t r a t i o n  as elements,  m-3 

bulk va lue  of normalized e l e c t r o n  energy , dimens ionless  Ub 

UO'U1 , i terated s o l u t i o n s  t o  t r a n s p o r t  equat ion ,  m -3 

V 

V 

vbb 

Vext  

VF 

V~~ 

VH 

vn 

vOP 

aPP 

V 

'prod 

P 

vS 

VO 

vm 

W 

x, xo 

X 

Y 

y1/2 

a 

a 

a 

n 

P 

p o t e n t i a l  d i f f e r e n c e ,  V 

applied p o t e n t i a l  d i f f e r e n c e ,  V 

p o t e n t i a l  of b e n t  bands, V 

p o t e n t i a l  s u p p l i e d  by e x t e r n a l  source,  V 

p o t e n t i a l  of t h e  Fermi level,  V 

f l a tband  p o t e n t i a l ,  V 

p o t e n t i a l  across Helmholtz l a y e r ,  V 

e l e c t r o n  v e l o c i t y ,  m-s-l 

o n s e t  p o t e n t i a l ,  V 

h o l e  v e l o c i t y ,  m-s -1 

d i f f e r e n c e  i n  redox p o t e n t i a l  of h a l f - c e l l  r e a c t i o n s ,  V 

s u r f a c e  p o t e n t i a l ,  e V  

s u r f a c e  p o t e n t i a l ,  V; a lso redox level f o r  hydrogen, V 

bulk p o t e n t i a l ,  e V  

d e p l e t i o n  width,  m 

dimensionless  parameters 

d i s t a n c e  w i t h i n  semiconductor,  m 

p e n e t r a t i o n  parameter, dimensionless  

special  va lue  of p e n e t r a t i o n  parameter, d imens ionless  

a b s o r p t i o n  l e n g t h  for i n c i d e n t  r a d i a t i o n ,  m -1 

e l e c t r o n  d r i f t  parameter, m 2 

h o l e  d r i f t  parameter, m 2 
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Urback a b s o r p t i o n  l eng th ,  m -1 

thermal  energy factor, C-J-’ 

normalized e l e c t r o n  p o t e n t i a l ,  d imensionless  

change i n  energy, J 

p o s i t i o n  of Fermi level wi th  respect t o  t h e  conduct ion band edge, J 

change i n  G i b b s  free energy, J 

change i n  temperature ,  K 

change i n  p o t e n t i a l ,  V 

change i n  f l a t b a n d  p o t e n t i a l ,  V 

normalized e l e c t r o n  energy, dimensionless  

e lectrostat ic  perma t i v i  t y  , v-’ -m-’ 

numerica 1 parameters  

e l e c t r o c h e m i c a l  ce l l  e f f i c i e n c y ,  dimensionless  

maximum value  of e l e c t r o c h e m i c a l  c e l l  e f f i c i e n c y ,  dimensionless  

wavelength, m; a lso a dimensionless  parameter 

chemical p o t e n t i a l ,  eV; also d r i f t  m o b i l i t y ,  n ~ ~ - V ” - s - ~  

e l e c t r o n  d r i f t  m o b i l i t y ,  m2-V-1-s’1 

h o l e  d r i f t  m o b i l i t y ,  m2-V-l -s-l 

photon frequency, Hz 

charge d i s t r i b u t i o n ,  C-m’3 

d e n s i t y  of e l e c t r o n i c  states i n  t h e  conduct ion band, m - 3-eV-1 

d e n s i t y  of e l e c t r o n i c  states i n  t h e  valence band, m-3-eV-1 

e l e c t r o n  l i f e t i m e ,  s 

h o l e  l ifetime, s 

e lec t ros ta t ic  p o t e n t i a l ,  V 

bulk va lue  of electrostatic p o t e n t i a l ,  V 

.. .. , . .r . ...... . .- , . I.1’ .- .- . . . 



X 

w n 

P 
w 

e l e c t r o n  a f f i n i t y ,  e V  

e l e c t r o n  t r a n s p o r t  parameter, d imens ionless  

h o l e  t r a n s p o r t  parameter, d imens ionless  

Prime i n d i c a t e s  d e r i v a t i v e  wi th  respect t o  x. 

An arrow over  a symbol i n d i c a t e s  a v e c t o r  q u a n t i t y .  

4. SPACE-CHARGE DISTRIBUTION I N  A SEMICONDUCTOR ELECTRODE 

4 .I General Desc r ip t ion  of E lec t rode  

In  t h i s  s e c t i o n ,  a foundat ion  is  l a i d  f o r  a semiclassical a n a l y s i s  of t h e  phys- 
i ca l  p rocesses  o c c u r r i n g  i n  an i l l u m i n a t e d  semiconductor e l e c t r o d e .  The h a s i c  system 
under i n v e s t i g a t i o n  i s  dep ic t ed  i n  f i g u r e  5, which schemat i ca l ly  r e p r e s e n t s  t h e  
semiconductor -e lec t ro ly te  i n t e r f a c i a l  reg ion .  The presence  of i o n i c  charge i n  t h e  
e l e c t r o l y t e  and p o s s i b l y  a d i s t r i b u t i o n  of charge on t h e  semiconductor s u r f a c e  cause 
the  mobile charge w i t h i n  t h e  semiconductor i n t e r f a c i a l  r eg ion  t o  be d i sp laced ,  leav-  
i n g  a d i s t r i b u t i o n  of f i x e d  i o n i c  charge.  These d i s t r i b u t i o n s  of f i x e d  and mobile 
charges near t h e  semiconductor s u r f a c e  are t h e  source  of an e l e c t r o s t a t i c  f i e l d .  In 
t h e  s e c t i o n s  which fo l low,  w e  examine t h e  form of t h i s  f i e l d  and subsequent ly  s tudy  
the  r o l e  of t h i s  f i e l d  i n  t h e  p h o t o e f f e c t s  occur r ing  a t  t h e  junc t ion .  The assump- 
t i o n s  which u n d e r l i e  our a n a l y s i s  are as fo l lows:  

1 .  The semiconductor is  a s i n g l e - c r y s t a l  c y l i n d e r  wi th  one base p lane  of s u r f a c e  
area A i n  c o n t a c t  wi th  t h e  e l e c t r o l y t e  and with t h e  o p p o s i t e  base p lane  i n  ohmic 
c o n t a c t  with the  metal l ic  coun te r  e l e c t r o d e  of t h e  ce l l .  The diameter of t h e  c r y s t a l  
base i s  much larger than t h e  c r y s t a l  t h i ckness .  Thus, t h e  v a r i a b l e s  t h a t  charac- 
t e r i z e  the  e lec t r ica l  p r o p e r t i e s  of t he  c r y s t a l  depend upon a s i n g l e  s p a t i a l  param- 
e ter ,  t h e  depth from t h e  semiconductor - l iqu id  junc t ion .  A n  n-type semiconductor is  
assumed; t h i s  i s  most f r e q u e n t l y  t h e  case i n  p r a c t i c e .  It i s  a simple matter t o  
a d j u s t  t h e  r e s u l t s  t o  apply t o  a p-type material. 

2. The doping of the semiconductor is a t t r i b u t e d  t o  a concen t r a t ion  of a c c e p t o r  
and donor i o n s  N and ND d i s t r i b u t e d  uniformly throughout  t h e  c r y s t a l .  Fur ther -  
more, the s e p a r a t i o n  between accep to r  and donor i o n s  is l a r g e  enough t o  be a b l e  t o  
ignore  i n t e r a c t i o n  between ions .  On t h e  o t h e r  hand, t h e  spac ing  between accep to r  and 
donor ions  is  s m a l l  enough, compared with t h e  space-charge p e n e t r a t i o n  depth ,  t h a t  
t h e  d i s c r e t e  ion ic-charge  d i s t r i b u t i o n  can be r e p r e s e n t e d  as a continuous 
d i s t r i b u t i o n .  

B 

3.  I f  a s u r f a c e  state is charged, it r e s i d e s  on t h e  s u r f a c e  and n o t  w i t h i n  t h e  
semiconductor. This implies t h a t  t h e  space-charge d i s t r i b u t i o n  is caused by f i x e d  
i o n i c  charge and mobile charge  carriers only.  

4. The semiconductor is nondegenerate; t h a t  is, t h e  Fermi energy d i f f e r s  from 
the conduction and va lence  band e n e r g i e s  by a t  l eas t  3kT. This  assumption is d i s -  
cussed m o r e  f u l l y  i n  t h e  appendix. The most prominent e f f e c t  of t h i s  assumption i s  
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t h a t  the c o n c e n t r a t i o n  of e l e c t r o n s  and h o l e s  can be d e s c r i b e d  by a Boltzmann d i s t r i -  
but ion.  Namely, t h e  c o n c e n t r a t i o n  of e l e c t r o n s  is given by 

n = NC e=(- EC kT - "F) 

where 

* 3/2 2nmnkT 
NC = '( h2 ) 

and t h e  c o n c e n t r a t i o n  of h o l e s  i s  qiven by 

where 

2 m 3 T  3/2 
NV = 2( h2 ) 

If t h e  semiconductor i s  maintained i n  therma- e q u i l i b r i u m ,  t h e  Fermi energy 
EF maintains  a c o n s t a n t  value a t  a l l  p o i n t s .  Consequently,  i f  t h e  c o n c e n t r a t i o n  of  
carr iers  n and p changes from p o i n t  t o  p o i n t  i n  t h e  semiconductor as it does near  
t h e  semiconductor e l e c t r o l y t e  j u n c t i o n ,  t h i s  v a r i a t i o n  must mean a local change i n  
EC and %. That is, t h e  energy bands are bent .  This bending is  r e p r e s e n t e d  sche- 
m a t i c a l l y  i n  f i g u r e  6, which d e p i c t s  t h e  band bending of an n-type semiconducting 
e l e c t r o d e .  The band bending is  a r e s u l t  of v a r i o u s  mobile charges  i n  t h e  j u n c t i o n  
reg ion  coming i n t o  e l e c t r o s t a t i c  equi l ibr ium.  This charge d i s t r i b u t i o n  i s  d e s c r i b e d  
i n  t h e  fo l lowing  s e c t i o n .  

4.2 Der iva t ion  of Condit ions of E l e c t r o s t a t i c  Fqui l ibr ium - 
Poisson-Boltzmann Equation 

L e t  t h e  uniform c o n c e n t r a t i o n  of acceptor  and donor atoms be represented  by 
NA and NDI r e s p e c t i v e l y .  Assume t h a t  t h e s e  atoms are completely i o n i z e d ,  a circum- 
s t a n c e  r e a d i l y  s a t i s f i e d  a t  room temperature.  (See appendix.)  Then, i f  n ( x )  and 



p ( x )  r e p r e s e n t  t h e  carrier c o n c e n t r a t i o n s  as a f u n c t i o n  of depth i n  t h e  semiconduc- 
to r ,  t h e  n e t  charge d i s t r i b u t i o n  w i t h i n  t h e  semiconductor is given by 

Deep w i t h i n  t h e  semiconductor,  t h e  charge carrier d i s t r i b u t i o n s  achieve t h e i r  
bulk va lues ,  and charge n e u t r a l i t y  o b t a i n s .  This l i m i t i n g  behavior  is  expressed by 

l i m  
n ( x )  = nb 

X- 

l i m  
p ( x )  = Pb 

X- 

and 

Combining t h e  r e s u l t s ,  w e  f i n d  t h a t  t h e  charge n e u t r a l i t y  c o n d i t i o n  away from 
t h e  j u n c t i o n  r e q u i r e s  t h a t  

pb - nb + ND - NA = 0 (4.4) 

Using t h i s  l a s t  r e s u l t ,  we can express  t h e  n e t  charge d i s t r i b u t i o n  i n  t e r m s  of 
t h e  carr ier  excess  over  i ts  bulk value by 

(4.5) 

T h i s  charge d i s t r i b u t i o n  is  taken t o  be t h e  source  of t h e  equi l ibr ium electrostat ic  
f i e l d  w i t h i n  t h e  semiconductor. 

Whenever t h e  Fermi energy level w i t h i n  t h e  semiconductor d i f f e r s  by more than  
3kT from e i t h e r  band edge, t h e  e l e c t r o n  and h o l e  c o n c e n t r a t i o n s  a t  any p o i n t  must 
conform to  t h e  Boltzmann d i s t r i b u t i o n  (eqs. (4.1) and ( 4 . 2 ) ) .  By m u l t i p l y i n g  t h e  t w o  
d i s t r i b u t i o n s  t o g e t h e r ,  w e  o b t a i n  t h e  equat ion  

Since t h e  right-hand side of this express ion  is  c o n s t a n t  ( f o r  a f i x e d  tempera ture) ,  
t h e  product  of n ( x )  and p ( x )  must also be c o n s t a n t .  Equation (4.6) can be used 
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t o  i n t r o d u c e  a convenient  normal iza t ion  f o r  t h e s e  c o n c e n t r a t i o n s .  In t h e  special 
case of t h e  bulk reg ion  of an i n t r i n s i c  semiconductor where t h e r e  i s  no i o n i c  charge ,  
t h e  c o n d i t i o n  of charge n e u t r a l i t y  r e q u i r e s  t h a t  e l e c t r o n  and h o l e  c o n c e n t r a t i o n s  be 
equa l ,  and the c o n c e n t r a t i o n  i n  t h i s  case ni is  used as a norm. Since equa- 
t i o n  (4.6) ho lds  i n  a l l  cases ( i n c l u d i n g  t h i s  special o n e ) ,  ni i s  given by 

n i 2 = N c v  N e x p ( - z )  (4.7) 

Using ni as d e f i n e d  above, t h e  c o n c e n t r a t i o n  of  e l e c t r o n s  and h o l e s  i n  t h e  g e n e r a l  
case can be normalized as 

and 

where 

(4 .9 )  

(4.10) 

* 
The r e l a t i o n  between 
t rostat ic  energy of an e l e c t r o n  w i t h i n  t h e  semiconductor re la t ive to  a n  e l e c t r o n  i n  
t h e  i n t r i n s i c  bulk is  given by 

EI and t h e  b e n t  energy bands is  shown i n  f i q u r e  6. The elec- 

(4.1 1)  
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In terms of t h i s  e lectrostat ic  energy,  t h e  e x p r e s s i o n s  f o r  t h e  carrier c o n c e n t r a t i o n  
be come 

and 

Now t h e  l i m i t i n g  va lue  of t h e  e lectrostat ic  p o t e n t i a l  w i t h i n  t h e  semiconductor 
d e f i n e s  t h e  bulk v a l u e  $b as 

Comparing t h i s  va lue  to  t h e  bulk va lues  of  t h e  c o n c e n t r a t i o n s  y i e l d s  

n b = n i e x p ( 2 )  

and 

The e l e c t r o n  and h o l e  c o n c e n t r a t i o n s  can a lso be expressed  i n  terms of t h e  bulk 
va lues  by means of t h e  e q u a t i o n s  

e ( $  - 
n ( x )  = nb exp[ kT 4b)] 

and 

(4 .1 2 )  

(4 .1 3 )  

( 4 . 1 4 )  

(4 .1 5)  

(4 .16 )  

(4 .1 7 )  
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By us ing  t h e  expres s ions  f o r  n ( x ) ,  p ( x ) ,  nb, and pb, normalized by t h e  
i n t r i n s i c  concen t r a t ion  
t r i b u t i o n  i n  terms of t h e  e l e c t r o s t a t i c  p o t e n t i a l ,  namely 

ni, t h e  conc i se  express ion  is ob ta lned  f o r  t he  charge d i s -  

p ( $ )  = 2eni[sinh(>) - sinh(%)] (4.18) 

The cond i t ion  f o r  e l e c t r o s t a t i c  equ i l ib r ium (Poisson e q u a t i o n )  becomes i n  t h i s  case 
the second-order,  non l inea r  d i f f e r e n t i a l  equa t ion  

(4.19) 

s o m e t i m e s  r e f e r r e d  t o  as t h e  Poisson-Boltzmann equat ion .  By means of t h e  fo l lowing  
changes i n  v a r i a b l e s  

and 

t h i s  equat ion  is w r i t t e n  i n  the  form 

1 
ut’ = -(sinh u - s i n h  ub) 2 L D 

There L,, i s  t h e  Debye l eng th  g iven  by t h e  r e l a t i o n  

2 2e n 1 i 
2 €kT 

- = -  

LD 

(4.20) 

(4.21) 
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4.3 S o l u t i o n s  t o  Poisson-Ebltzmann q u a t i o n  

This s e c t i o n  c o n t a i n s  a d e s c r i p t i o n  of t h e  properties of s o l u t i o n s  t o  t h e  non- 
l i n e a r  d i f f e r e n t i a l  e q u a t i o n  

1 u " ( x )  = -{sinh[u(x)] 2 - s inh(ub)}  

LD 

d e f i n e d  for  0 < x < = and s a t i s f y i n g  t h e  l i m i t i n g  c o n d i t i o n s  

u ( 0 )  = uo 

(4.22) 

and 

l i m  [ u ( x )  - Ub]  = 0 
X- 

To examine t h e  asymptot ic  behavior  of s o l u t i o n s  t o  e q u a t i o n  (4.22),  t h e  f u n c t i o n  6, 
as def ined  by the equat ion  6 = u ( x )  - ub, i s  introduced.  
d i f f e r e n t i a l  e q u a t i o n  

The equat ion  s a t i s f i e s  t h e  

cosh(u  ) s i n h ( u  ) 
[cosh(6)  - 1 3  2 6" = s i n h ( 6 )  + 

L 2 
=D D 

For small  va lues  of 6, t h i s  equat ion  assumes t h e  l i n e a r  form 

cosh  ( ub ) 
6" = 6 

2 
LD 

and has  a bounded e x p o n e n t i a l  s o l u t i o n  wi th  a c h a r a c t e r i s t i c  asymptotic l e n q t h  given 
by 

L 2 
== =~* (4.23) 
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Thus, bounded s o l u t i o n s  t o  equat ion  (4.22) d i s p l a y  a n  asymptotic behavior  of the form 

u ( x )  + ub + A exp(- c) 
A first  in t eg ra l  (energy i n t e g r a l )  t o  t h e  Poisson-Ebltzmann e q u a t i o n  can be obta ined  
d i r e c t l y  and leads t o  t h e  first-order equat ion  of the form 

[ 6 ' ( x )  l2 = L { c o s h ( 6 )  - 1 + a [ s i n h ( 6 )  - 63)  
2 L 

W 

where 

"b - 'b 
b nb + Pb a = t a n h ( u  ) = 

(4.24) 

(4.25) 

The right-hand side of equat ion  (4.24) i s  posit ive for  x > 0, and it h a s  a s i n g l e  
z e r o  a t  x = 0; t h e  root of t h a t  equat ion  thus  y i e l d s  t h e  e q u a t i o n  

(4.26) 

The f u n c t i o n  H ( 6 , a )  is  given by the express ion  

H ( 6 , a )  = (2{cosh(6)  - 1 + a [ s i n h ( b )  - 6]}) ' /2  (4.27) 

The ambiguity i n  s i g n  r e s u l t i n g  from t h e  square- root  f u n c t i o n  can be r e s o l v e d  as 
f o l l o w s .  Since H ( 6 , a )  i s  posit ive or z e r o  f o r  va lues  of 6 and a w i t h i n  t h e i r  
appropriate range of v a r i a t i o n ,  t h e  s i g n  i n  e q u a t i o n  (4.26) determines the slope of 
6, and this slope maintains  t h e  same s i g n  for  a l l  va lues  of 6. Furthermore, t h e  
v a l u e  of 6 must approach z e r o  w i t h i n  t h e  bulk.  Thus, i n  t h e  case of t h e  p l u s  s i g n ,  
6 approaches z e r o  monotonically wi th  i n c r e a s i n g  y from a negat ive  s u r f a c e  value,  
as occurs  i n  a p-type material d e p l e t i o n  region.  In t h e  case of t h e  minus s i g n ,  6 
approaches z e r o  monotonically wi th  i n c r e a s i n g  y from a p o s i t i v e  s u r f a c e  va lue ,  as 
occurs  i n  an n-type material d e p l e t i o n  region.  

BY making a scale change to  t h e  dimensionless  independent  variable y = x/Lw, so 
t h a t  6 ( x )  becomes 6 ( L  y )  = A(y) ,  one of the t w o  remaining parameters i n  t h i s  equa- 
t i o n  can be e l imina ted ,  and t h e  fo l lowing  e q u a t i o n  can be obtained.  

W 

I 



This equat ion  depends upon t h e  s i n g l e  parameter a. I n t e g r a t i n g  equat ion (4.28) 
y i e l d s  

ds  
= f Y  (4.29) 

This i n t e g r a l  g ives  t h e  value of A as an i m p l i c i t  func t ion  of t h e  pene t r a t ion  
parameter y i n  t e r m s  of t h e  two parameters A (  0) , which s p e c i f i e s  t h e  p o t e n t i a l  
drop ac ross  t h e  semiconductor normalized t o  mean thermal  energy 

(4.30) 

and a ,  which s p e c i f i e s  t h e  doping f r a c t i o n  and is  de f ined  i n  equat ion  (4.25). The 
p e n e t r a t i o n  parameter g ives  t h e  a c t u a l  pene t r a t ion  depth  i n  u n i t s  of the  asymptot ic  
length  given i n  equat ions  (4.21 and (4.23). 

Resu l t s  of a numerical  eva lua t ion  of equat ion (4.29) a r e  shown i n  f i g u r e  7. The 
dimensionless  p e n e t r a t i o n  parameter i s  p l o t t e d  along t h e  a b s c i s s a .  No  o r i g i n  of t h i s  
coord ina te  i s  def ined  i n  t h e  graph, so t h a t  t h e  zero  value of y can be e s t a b l i s h e d  
beneath any s p e c i f i e d  i n i t i a l  value of A(0) .  The va lues  of A(y)  a r e  p l o t t e d  a long  
t h e  o r d i n a t e  i n  a l oga r i thmic  s c a l e  inc reas ing  away from a c e n t r a l  zero  value i n  both 
d i r e c t i o n s .  Na tu ra l ly ,  t h e  a c t u a l  value of zero does n o t  appear i n  t h e  graph. 
Curves shown on t h e  upper h a l f  of t h e  f i g u r e  a r e  a s s o c i a t e d  with the  minus s ign  i n  
equat ion  (4.28) and r e p r e s e n t  a dep le t ion  reg ion;  curves  i n  t h e  lower ha l f  are asso-  
c i a t e d  with t h e  p l u s  s i g n  and r e p r e s e n t  an accumulation reg ion .  

Under s p e c i a l  c i rcumstances,  the  s o l u t i o n  t o  t h e  Poisson-Boltzmann equat ion  
given by equat ion  (4.29) t akes  on a simple form. For example, i f  t h e  parameter a 
is equal  t o  zero ,  t h e  i n t e g r a l  i n  equat ion  (4.29) can be eva lua ted  a n a l y t i c a l l y  t o  
o b t a i n  t h e  express ion  

= exp(  ky) tanh (4.31) 

When A i s  e i t h e r  extremely s m a l l  o r  extremely l a r g e ,  approximate va lues  of t h e  
in t eg rand  can be developed which can be eva lua ted  a n a l y t i c a l l y .  I f ,  f o r  example, 
1x1 *: 1, H(x,a) can be approximated by 
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and t h e  r e s u l t i n g  i n t e g r a l  i n  equat ion  (4.29) can be eva lua ted  over i n t e r v a l s  where 
I A l  a 1 t o  y i e l d  

then f o r  s m a l l  i n i t i a l  va lues  of  A(O), A(y) changes exponen t i a l ly  t o  y i e l d  

A(y) IJ exp(+y)  

Thus, a l l  t h e  curves  i n  f i g u r e  7 approach a s t r a i g h t  l i n e  with a s l o p e  of *l 
as y decreases  t o  zero.  S imi l a r ly ,  if 1x1 > 5, t h e  value of H(x,a)  becomes 

I n t e g r a t i n g  t h i s  func t ion  over an i n t e r v a l  where [ A I  > 5 y i e l d s  

"his exp la ins  t h e  s t e e p  descent  o r  a s c e n t  of t h e  curves  i n  f i g u r e  7 f o r  l a r g e  va lues  
of A. These curves a r e  descending or ascending from an i n i t i a l  value A ( 0 )  with a 
h a l f  - length of 

4.4 Abrupt Approximation 

The s o l u t i o n s  t o  t h e  Poisson-Ebltzmann equat ion  i n d i c a t e  t h a t  t he  e l e c t r o s t a t i c  
p o t e n t i a l  i n  t h e  space-charge region of the  semiconductor decreases  monotonically ( o r  
i nc reases  monotonically i n  the  case of an accumulation l a y e r )  from i ts  s u r f a c e  value 
t o  i ts  value i n  t h e  hulk over d i s t a n c e s  comparable t o  For some ana lyses ,  it i s  
convenient  t o  approximate t h e  e l e c t r o s t a t i c  p r o p e r t i e s  of t h e  space-charge reg ion  
s t i l l  f u r t h e r  by assuming t h a t  the  e l e c t r o s t a t i c  f i e l d  changes l i n e a r l y  from i ts  
value a t  t h e  s u r f a c e  t o  ze ro  a t  a f i x e d  depth W w i th in  t h e  semiconductor and t h a t  
t he  f i e l d  remains zero  throughout t he  bulk. In t h i s  a b r u p t  approximation, t h e  f i e l d  
s t r e n g t h  is  nonzero only wi th in  t h e  region of width W, c a l l e d  t h e  d e p l e t i o n  width, 
a t  t h e  su r face .  (See f i g .  8.) Again, t he  dep le t ion  reg ion  of an n-type semiconduc- 
t o r  is  considered.  The source of t h e  space-charge f i e l d  is  t h e  i o n i c  charge d i s t r i -  

La. 
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but ion  p, exposed by t h e  dep le t ed  ma jo r i ty  carriers. From t h e  assumed f i e l d  d i s t r i -  
bu t ion  ( f i g .  8) and from t h e  Poisson equat ion,  it can be seen t h a t  

From t h i s ,  t h e  shape of t h e  charge d i s t r i b u t i o n  i s  obta ined  as 

EES 
p = - -  W 

f o r  0 < x < w and p = 0 elsewhere.  %e p o t e n t i a l  d rop  ac ross  the  dep le t ion  l a y e r  
i s  then given by 

W (4 .33)  *S A V = - -  
2 

E l imina t ing  Es 
determined by the  p o t e n t i a l  drop ac ross  t h e  dep le t ion  l a y e r  

from t h e  two previous equat ions  shows t h a t  t h e  dep le t ion  width is 

2 2 c A V  w = -  
P 

( 4 . 3 4 )  

I f  it is  f u r t h e r  assumed t h a t  a l l  donor atoms a r e  ion ized  ( a  reasonable  assumption 
f o r  temperatures  near  300 K), then 

b p = e N  = en 
D 

F i n a l l y ,  t h e  fo l lowing  express ion  r e l a t e s  t h e  d e p l e t i o n  width W t o  t h e  p o t e n t i a l  
drop AV: 

where 
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It fol lows t h a t  t h e  mean electric f i e l d  i n  t h e  d e p l e t i o n  reg ion  is given by 

(4.36) 

In  t h i s  ab rup t  approximation, t h e  mean space-charge f i e l d  v a r i e s  as t h e  square  r o o t  
of t he  p o t e n t i a l  drop ac ross  t h e  reg ion ,  and it p e n e t r a t e s  t o  a depth Wo when t h e  
po ten t ia l  drop equals  1 V. 

In  some of t h e  ana lyses  which fol low,  it is exped ien t  t o  use t h e  a b r u p t  approxi-  
mation f o r  t he  space-charge f i e l d  of a dep le t ion  reg ion  i n s t e a d  of a f i e l d  de r ived  
from t h e  more gene ra l  cond i t ions  of e l e c t r o s t a t i c  equi l ibr ium.  It is of i n t e r e s t  t o  
compare the  measure of f i e l d  width i n  t h e  ab rup t  approximation 
responding measure of t h e  Poisson-Boltzmann f i e l d  Lw. As shown p rev ious ly ,  
L, is given by 

Wo with the  cor -  

EkT (cosh ub) -1 Lw2 = ~ 

2 2e n i 

where, from equat ion  (4.14) 

nb + 'b cosh u = b 2ni 

In  t h e  dep le t ion  reg ion  of a n  n-type semiconductor nb >> pb; t h e r e f o r e ,  L, is r e l a -  
t i v e  t o  Wo through t h e  r e l a t i o n  

(4.37) 

A t  room temperature ,  t h i s  r e l a t i o n  impl ies  t h a t  W IJ 9L . 0 03 

5. CHARGE TRANSPORT IN A SEMICONDUCTOR ELECTRODE 

5.1 " ranspor t  Equations 

As shown i n  t he  preceding s e c t i o n ,  t h e r e  a r e  t h r e e  in te rdependent  v a r i a b l e s  
involved i n  t h e  macroscopic d e s c r i p t i o n  of c u r r e n t  flow i n  a semiconductor. Two of 
these  are the  concen t r a t ions  of mobile charge c a r r i e r s  n ( x , t )  and p ( x , t ) ,  repre-  
s e n t i n g  t h e  l o c a l  concen t r a t ion  of e t e c t r o n s  and ho le s ,  r e s p e c t i v e l y .  The t h i r d  is 
the l o c a l  e l e c t r i c - f i e l d  i n t e n s i t y  E ( x , t ) .  The e l e c t r i c  f i e l d  wi th in  the  semicon- 
duc to r  i s  composed of two p a r t s  - t h e  e x t e r n a l  f i e l d  imposed from o u t s i d e  t h e  system, 
and the  i n t e r n a l  f i e l d  whose source is  t h e  i n t e r n a l  charges  (both f i x e d  and mobile)  
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w i t h i n  the semiconductor - l iqu id  i n t e r f a c i a l  region. ‘Ihese t h r e e  q u a n t i t i e s  vary most 
i n  the i n t e r f a c i a l  r eg ion ,  and w i t h i n  the bulk of the semiconductor assume c o n s t a n t  
l i m i t i n g  va lues .  ‘Ihe bulk e l e c t r i c - f i e l d  i n t e n s i t y  is  taken  t o  be zero ,  as i t s  va lue  
i s  s m a l l  compared wi th  f i e l d  va lues  near  the s u r f a c e .  The bulk va lues  f o r  t h e  elec- 
t r o n  and h o l e  c o n c e n t r a t i o n s  are g iven  by % and pb, r e s p e c t i v e l y .  

The f r e e  charges  move under the i n f l u e n c e  of l o c a l  e lec t r ic  f i e l d s  ( d r i f t )  and 
l o c a l  c o n c e n t r a t i o n  g r a d i e n t s  ( d i f f u s i o n ) ,  so t h a t  t h e  c u r r e n t  d e n s i t y  f o r  each car- 
rier is  given by 

-+ 9 -+ 
J~ = e(nvn + D~ vn) 

and 

-+ -+ 3 = e(pvp - D~ vp) 
P 

I n  t h e s e  expression$, Dn and D are d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  i n d i c a t e d  
P carriers, and Vn and V are corresponding d r i f t  v e l o c i t i e s .  Throughout t h i s  

d i s c u s s i o n ,  it i s  assumed t h a t  the f i e l d  i n t e n s i t y  is  s m a l l  enough t o  a l low t h e  
l i n e a r  approximation given by 

P 

-+ -+ 
vn = PnE 

and 

-+ -+ 

P = PPE 

( 5 . 3 )  

(5.4) 

The carrier m o b i l i t i e s  p and pp are  thus  r e l a t e d  t o  t h e  d i f f u s i o n  c o e f f i c i e n t s  
through t h e  E i n s t e i n  r e l a p i o n s  

- =  c”n p = -  pP 
D D 

n P 

where 

The c o n t i n u i t y  r e l a t i o n s  f o r  t h e  carrier t r a n s p o r t  are 

(5.5) 



and 

- + , $ e 3  a n 1  = G  - R  
a t  P P P  

(5.7) 

The terms on t h e  r ight-hand s i d e  of each of t h e s e  formulae r e p r e s e n t  t h e  n e t  l o c a l  
source  of carriers; Gn and Gp r e p r e s e n t  the rate of carrier gene ra t ion ,  and. €$, 
and R r e p r e s e n t  t h e  rate of recombination. These f a c t o r s  each depend upon t h e  
d e t a i l s  of t he  s t r u c t u r e  of t h e  semiconductor,  such as t h e  l o c a t i o n  and n a t u r e  of  
imperfec t ions  o r  t h e  d i s t r i b u t i o n  of donor and accep to r  ions .  Information about  
t hese  s t r u c t u r a l  f e a t u r e s  is scarce a t  p r e s e n t ,  mainly because the  most s u c c e s s f u l  
semiconductor-electrode materials are metal-excess semiconductors  de r ived  from 
pe rovsk i t e  compounds which have n o t  been w e l l  s t u d i e d .  To circumvent t h i s  lack  of 
d e t a i l e d  informat ion ,  a series of approximations t o  t h e  carrier source  t e r m  are 
descr ibed .  The most s i g n i f i c a n t  of t hese  approximations is t h e  use of a mean carr ier  
l i f e t i m e  which is c o n s t a n t  over  a v a r i e t y  of d i f f e r e n t  cond i t ions .  

P 

F i r s t ,  cons ide r  t h a t  carriers are generated i n  p a i r s .  That i s ,  each carrier i s  
.produced by t h e  e x c i t a t i o n  of an e l e c t r o n  from t h e  valence band t o  t h e  conduct ion 
band. Consequently,  a ho le  is c r e a t e d  i n  the  valence band, and the rate of e l e c t r o n  
gene ra t ion  equa l s  t h a t  of ho le  genera t ion .  Furthermore,  pairs are genera ted  the r -  
mally a t  a rate given by go, and they may be photogenera ted  by l i g h t  of i n t e n s i t y  
Io a t  a ra te  of . Thus, we have a n e t  carrier gene ra t ion  rate 

g I O  

G n = g O + g  = G  
Io  

(5.8) 

The thermal  gene ra t ion  rate f o r  e l e c t r o n s  and ho le s  i n  t h e  bulk of t h e  semiconductor,  
where t h e r e  is no i l l u m i n a t i o n ,  should equa l  t h e  cor responding  equ i l ib r ium recombina- 
t i o n  rates. These rates i n  t u r n  depend upon t h e  bulk concen t r a t ions  and t h e  thermal  
equ i l ib r ium value of t he  mean carrier l i f e t i m e .  The thermal  gene ra t ion  rate through- 
o u t  t h e  semiconductor and under a l l  cond i t ions  of i l l u m i n a t i o n  are given by 

(5.9) 

Also, assume t h a t  recombination of t h e  charge carriers occurs  i n  p a i r s  w i t h i n  t h e  
semiconductor. N o  o t h e r  mechanisms are cons idered  which provide  a s i n k  of carriers 
such as t r app ing  and s u r f a c e  recombination. The recombinat ion rate is then  given by 

(5.10) 

Also, i n  t h e  seque l  assume t h a t  t h e  carrier l i f e t i m e s  T~ and l;p are c o n s t a n t  and 
r e p r e s e n t  t h e  average va lues  of l i f e t i m e  f o r  a l l  recombinat ion processes  occur r ing  i n  
the  semiconductor. Combining the  r e s u l t s  of equat ions  ( 5.8) through ( 5.1 0)  y i e l d s  
t h e  n e t  carrier sources  as 

G - R = g - (n - nb)/Tn 
I O  n n (5.1 1 )  
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(5.1 2) 

I Combining t h e  e x p r e s s i o n s  for  t h e  c u r r e n t  d e n s i t i e s  wi th  the c o n t i n u i t y  equa- 
t i o n s  y i e l d s  t h e  carrier t r a n s p o r t  equat ion.  This equat ion  is  m o s t  s u c c i n c t l y  given 
i n  matrix form. To do t h i s ,  the fo l lowing  t e r m s  are def ined:  

= I:/ 
D =k 

0 

pP 
- 

The t r a n s p o r t  equat ion  is then  expressed as fo l lows:  

(5.1 3)  

I n  t h i s  equat ion,  t h e  f i rs t  t w o  t e r m s  d e s c r i b e  t h e  d i f f u s i o n  of charge carriers, t h e  
next  t e r m  accounts  for  t h e i r  d r i f t  i n  t h e  electric f i e l d ,  and t h e  last  t e r m  d e s c r i b e s  
t h e  r e a c t i o n  ( g e n e r a t i o n  and recombination) of t h e  carriers. 

5.2 Transpor t  i n  Semiconductor E l e c t r o d e  

The g e n e r a l  t r a n s p o r t  equat ion  (5.13) i s  used t o  describe t h e  behavior  of t h e  
photoproduced excess  charge carriers i n  a semiconductor e l e c t r o d e .  As d e s c r i b e d  i n  
s e c t i o n  4, c o n s i d e r  a semiconducting c y l i n d e r  of c r o s s - s e c t i o n a l  area A o r i e n t e d  so 
t h a t  t h e  l i q u i d  j u n c t i o n  is perpendicular  t o  t h e  x-axis a t  x = 0. The concentra-  
t i o n s  of f r e e  carriers are d e f i n e d  f o r  x > 0 and t > 0 and are given by the 
f u n c t i o n s  n ( x , t )  and p ( x , t ) .  Within t h e  bulk of t h e  semiconductor,  these concen- 
t r a t i o n s  have t h e  c o n s t a n t  va lues  nb and pb, r e s p e c t i v e l y .  The charge d i s t r i b u -  
t i o n  i n  the semiconductor i s  due t o  t h e  free carriers and t o  t h e  d i s t r i b u t i o n  of 
i o n i c  charge (assumed to  be uniform throughout t h e  semiconductor) ,  so t h a t  
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This  charge d i s t r i b u t i o n  is t h e  source  of an i n t e r n a l  electric f i e l d  E ( x , t ) ,  as 
determined by t h e  Poisson equa t ion  

It i s  t h i s  f i e l d  which is re spons ib l e  f o r  t h e  d r i f t  i n  equa t ion  ( 5 . 1 3 ) .  

The i n h e r e n t  n o n l i n e a r i t y  i n  t h i s  system arises from t h e  f a c t  t h a t  t h e  f i e l d  
which causes  t h e  mobile carriers t o  separate depends upon t h e  l o c a l  d i s t r i b u t i o n  of 
carriers, as shown i n  equat ion  (5.14).  To ga in  some i n s i g h t  i n t o  the  e f f e c t  of t h i s  
n o n l i n e a r i t y ,  we f i r s t  examine t h e  s o u r c e l e s s  (F E 0) and p u r e l y  k i n e t i c  ( D  E 0)  
case. In t h i s  way informat ion  is  obta ined  about  t h e  p o s s i b l e  stable asymptot ic  ( i n  
t i m e )  s ta tes .  Equation (5.13) wi th  F = 0 = D becomes 

- - -  all - u p (u )  a t  E 
( 5 . 1 5 )  

As shown subsequent ly ,  t h e  concen t r a t ion  f o r  each of t h e  charge  s p e c i e s  s a t i s f i e s  an 
equat ion  d i s p l a y i n g  a q u a d r a t i c  n o n l i n e a r i t y  which can be approximated by t h e  form 

The phase p o r t r a i t  f o r  t h i s  o rd ina ry  d i f f e r e n t i a l  equa t ion  (shown i n  f i g .  9 )  d i s p l a y s  
two asymptot ic  states:  z = zo and z = 0. %e asymptot ic  s ta te  z = z o  is  t h e  
only  s t a b l e  one, so any (nonzero)  concen t r a t ion  tends  t o  t h i s  state. W e  con jec tu re  
t h a t  t h i s  s i t u a t i o n  p e r t a i n s  t o  a l l  cases where t > 0, even when sources  and d i f f u -  
s i o n  are p resen t .  As a consequence t h e r e  is a stable asymptot ic  ( s t e a d y - s t a t e )  so lu-  
t i o n  to  equat ion  (5.15) .  One way t o  t es t  t h i s  c o n j e c t u r e  would be t o  s tudy  t h e  
t r a n s i e n t  response of t h i s  system f o r  d i f f e r e n t  i l l u m i n a t i o n s .  What w e  s h a l l  do 
i n s t e a d  is examine the  l i m i t i n g  case of very i n t e n s e  i l l u m i n a t i o n  and estimate va lues  
of t h e  i n c i d e n t  i n t e n s i t y  which lead  t o  s a t u r a t i o n  of t h e  p h o t o e f f e c t s .  

Under s t e a d y - s t a t e  cond i t ions ,  t he  t r a n s p o r t  equa t ion  (5.13) becomes 

(5.17) 

Although unnot iced by many r e sea rche r s ,  t h e  system of equa t ions  (5.17) and 
(5.14) posseses  a f i r s t  i n t e g r a l .  This f a c t  can be used t o  e l i m i n a t e  the  n o n l o c a l i t y  
of t h e  system. The l o c a l  charge excess d i s t r i b u t i o n s  are as fol lows:  

( 5 . 1 8 )  
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and 

- 
Q ( X I  = -e[ dx [n (x )  - nb] 

The local f i e l d  can be expressed  as 

while  the  s t e a d y - s t a t e  equat ion  (5.1 7)  becomes 

wi th  

and 

(5.19) 
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where 

1 + e 

P 

I (XI =--[a E E ( O )  - Q (-11 + exp(-ax) 
P 2 P  L P 

2 = -(I 1 + ap) P 7 2  L 
P 

2 1 
n 2 w = -(I + an) 

Ln 

a = f 3 - - p L  e 2 
P b P  

a = P E n L  e 2 
n b n  

Equat ion  (5.17) d e s c r i b e s  a sys tem w i t h  a q u a d r a t i c  n o n l i n e a r i t y  and s u g g e s t s  a n  
i t e r a t i v e  scheme for  s o l v i n g  t h e  system. L e t  uo be t h e  s o l u t i o n  t o  

ub; - Auo = I (x)  

and from t h i s  s o l u t i o n  form t h e  d r i f t  f i e l d  

where I( ) i s  a l i n e a r  f u n c t i o n a l .  Next, s o l v e  e q u a t i o n  (5.17) w i t h  t h i s  d r i f t  
f i e l d .  In  o t h e r  words, uo i s  t h e  f i r s t  s o l u t i o n  i n  a sequence  g e n e r a t e d  by t h e  
p r o g r e s s i o n  

( n  = 1 ,  2, 3, . . . I  

where each  s o l u t i o n  s a t i s f i e s  t h e  l i n e a r  d i f f e r e n t i a l  e q u a t i o n  

(5.22) 
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By analogy wi th  t h e  s o u r c e l e s s  k i n e t i c  case desc r ibed  by eq,uation (5.151, equa- 
t i o n  (5.22) is  expected t o  possess  one stable s o l u t i o n  which w i l l  be reached a f t e r  a 
s u f f i c i e n t  number of i t e r a t i o n s .  

5.3 The E f f e c t  of High-Intensi ty  L igh t  

Examine t h e  f i r s t - o r d e r  s o l u t i o n  t o  the  system of equa t ion  (5.17) s u b j e c t  t o  
boundary cond i t ions  a t  x = 0 of t h e  fo l lowing  form: 

n ( 0 )  = n exp(pAV) b 

and 

where AV is t h e  p o t e n t i a l  drop across the  semiconductor.  This s o l u t i o n  l eads  t o  a 
r e l a t i o n s h i p  between t h e  p o t e n t i a l  AV and t h e  i n c i d e n t  l i g h t  i n t e n s i t y  of t h e  form 

(5.23) 

where 

e 2 - n L  vO-y b n  

and 

0,s = (MbDrl I 

Equation (5.23) can  be r e w r i t t e n  i n  t e r m s  of X = PAV as 

IO X - = h(x ,x  ) = - + 1 - exp(X) 
I 0 xO 0 ,s  

and it g ives  t h e  r a t io  of Io t o  Io,s i n  terms of a s i n g l e  parameter  Xo = $Vo. 
F igure  10 d e p i c t s  t h i s  r e l a t i o n s h i p .  There are t w o  z e r o s  f o r  h(X,Xo): one a t  
X = 0 and t h e  o t h e r  a t  X = -Xo. Only one of t h e s e  can correspond t o  a stable 
asymptot ic  state,  and t h e  well-known behavior  of V f o r  low t o  moderately h igh  

27 



i n t e n s i t y  s u g g e s t s  X = -Xo. Thus, Vo i s  i d e n t i f i e d  w i t h  the dark bent-band poten- 
t i a l  as 

- - 
'0 - 'bb - vF - 'REDOX 

I n v e r t i n g  h(X,Xo) 
u r e  9, t h e  bent-band p o t e n t i a l  is found as a f u n c t i o n  of l i g h t  i n t e n s i t y .  This  curve 
maximizes for  

and t a k i n g  t h e  stable branch i n d i c a t e d  by the so l id  l i n e  i n  f ig- 

I n  Xo + 1 ( - )  = I -  
, s  max xO 

as shown i n  figure 11. For 1 n e a r  t h e  s a t u r a t i o n  p o i n t ,  equa t ion  (5.23) can be 
approximated by 

(5.24) 

Thus, a n  estimate f o r  t h e  i n t e n s i t y  of t h e  i n c i d e n t  photon f l u x  a t  which s a t u r a t i o n  
occurs  is obta ined  as f o l l o w s :  

= m D  
b n  I 

0,s 
(5.25) 

, n = lo2* m-3, 6 m-l 
To make a g e n e r a l  estimate of s a t u r a t i o n  levels,  t a k e  a = 10 
and D = m 2 / s  t o  o b t a i n  

2 = photons/m -s 
I0,S 

This  corresponds t o  a n  energy f l u x  of l o4  W/cm2 f o r  monochromatic l i g h t  a t  wavelength 
0 . 5 5 ~ .  This is a c o n s e r v a t i v e  estimate, s i n c e  t h e  quantum e f f i c i e n c y  of the process, 
o t h e r  charge s i n k s ,  and t h e  n o n l i n e a r i t y  i n  t h e  recombination process t h a t  would 
r e q u i r e  increased  f l u x  have been neglected.  

6. SATURATION OF PHOTOELECTROLYSIS OF WATER USING 
A PHOTOELECTROCHEMICAL CELL 

I n  r e c e n t  i n v e s t i g a t i o n s  of photoe lec t rochemica l  cells w i t h  semiconductor elec- 
trodes, t h e r e  appears to  be no evidence of s a t u r a t i o n  of t h e  energy conversion pro- 
cess (refs. 15 through 1 8 ) .  The photocurren t  a t  a f i x e d  c e l l  v o l t a g e  i n c r e a s e s  
l i n e a r l y  wi th  l i g h t  i n t e n s i t y  up t o  380 W/cm2 (ref. 13 ) .  
which s a t u r a t i o n  occurs is  an impor tan t  parameter which is needed i n  order t o  under- 
s t a n d  t h e  processes  governing t h e  o p e r a t i o n  of t h e  cel l .  I n  a d d i t i o n ,  t h e  s a t u r a t i o n  

The energy f l u x  level a t  
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f l u x  l e v e l  is  a c r i t i ca l  parameter f o r  t h e  des ign  of e f f e c t i v e  energy conversion 
devices .  In the  t h e o r e t i c a l  s tudy  of nonl inear  e f f e c t s  of charge t r a n s p o r t  p rocesses  
wi th in  t h e  semiconductor e l e c t r o d e ,  it was found t h a t  t h e  l i g h t  i n t e n s i t y  which 
causes s a t u r a t i o n  v a r i e s  d i r e c t l y  with the  charge carrier concen t r a t ion  (eq. ( 5 . 2 5 ) ) .  
An experimental  s ea rch  f o r  s a t u r a t i o n  e f f e c t s  us ing  SrTi03 c r y s t a l s  w a s  undertaken. 
These c r y s t a l s  were s l i g h t l y  reduced to  form a metal  excess  semiconductor of h igh  
r e s i s t i v i t y  (low c a r r i e r  c o n c e n t r a t i o n ) .  
t he  351-nm and 364-nm r a d i a t i o n  from an argon-ion laser wi th  a maximum i n t e n s i t y  of 
60 mW/cm2. 
evidence f o r  complete s a t u r a t i o n  of t h e  photoprocesses i n  SrTi03 a t  a l i g h t  i n t e n s i t y  
near  p red ic t ed  va lues  w e r e  observed. This experiment i s  d iscussed  i n  t h e  fo l lowing  
paragraphs.  

The SrTi03 e l e c t r o d e s  were i l l umina ted  with 

A non l inea r  v a r i a t i o n  of t h e  photocurren t  with l i g h t  i n t e n s i t y  and t h e  

S i n g l e - c r y s t a l  wafers  of S rT i03  w e r e  c u t  from a boule and pol ished.  The g r i t  
s i z e  of t h e  f i n a l  p o l i s h  w a s  0.05 Pm. The c r y s t a l s  w e r e  reduced i n  a hydrogen atmo- 
sphere  a t  about  7OOOC f o r  less than 1 minute. The conduc t iv i ty  w a s  es t imated  by 
measuring the  c u r r e n t  a s  a func t ion  of appl ied  vol tage  f o r  a f i x e d  e l e c t r o d e  separa-  
t i o n  us ing  a curve tracer. An a t t empt  t o  determine t h e  r e s i s t i v i t y  of t h e  samples by 
the  four -poin t  probe technique ( r e f .  1 9 )  proved unsuccessfu l  because of high sample 
r e s i s t i v i t y .  Ohmic c o n t a c t s  w e r e  made us ing  a n  indium a l l o y  rubbed on one s i d e  of 
the  c r y s t a l s  and a copper w i r e  a t t ached  t o  t h i s  c o n t a c t  wi th  a s i l v e r  pas t e .  The 
sample was mounted on a g l a s s  tube with a s i l i cone-based  adhesive.  The e l e c t r o l y t i c  
c e l l  w a s  a s t a i n l e s s - s t e e l  v e s s e l  with a qua r t z  window and cons i s t ed  of t h e  S r T i 0 3  
photoanode, a platinum counter  e l e c t r o d e ,  a s a t u r a t e d  calomel r e fe rence  e l e c t r o d e  
(SCE) ,  and a buf fered  s o l u t i o n  of NaOH ad jus t ed  t o  pH-13. During the  experiment,  
hydrogen gas  was bubbled ac ross  the  platinum e l e c t r o d e  and, using a p o t e n t i o s t a t ,  t h e  
photoanode w a s  maintained a t  zero  v o l t s  with r e s p e c t  t o  t h e  SCE. The l e v e l  of uv 
r a d i a t i o n  from t h e  argon-ion laser w a s  c o n t r o l l e d  us ing  n e u t r a l  d e n s i t y  f i l t e r s  C a l i -  

b ra ted  f o r  uv r a d i a t i o n .  The l a s e r  ou tput  was cont inuous ly  monitored by r e f l e c t i n g  
p a r t  of t he  l a s e r  beam i n t o  a power meter. 

Thirty-two c r y s t a l  samples were prepared as descr ibed  above and used t o  form t h e  
photoanode of an e l e c t r o l y t i c  c e l l .  C h a r a c t e r i s t i c  cur ren t -vol tage  d a t a  were taken  
a t  f i x e d  l i g h t  i n t e n s i t y  va lues  t o  i n s u r e  t h a t  each c e l l  was ope ra t ing  proper ly .  
Then, while  t he  c e l l  remained a t  a f i x e d  b i a s  of zero  v o l t s  r e l a t i v e  t o  t h e  SCE, t h e  
i n t e n s i t y  of t h e  i n c i d e n t  r a d i a t i o n  w a s  var ied ,  and t h e  photocurren t  was measured f o r  
each l i g h t  i n t e n s i t y .  The r e s u l t s  of these  measurements s epa ra t ed  the  c r y s t a l  sam- 
p l e s  i n t o  t h r e e  c a t e g o r i e s ,  d i s t i n g u i s h e d  gene ra l ly  by c r y s t a l  r e s i s t i v i t y .  Three of 
t he  samples had a very high r e s i s t i v i t y  (on the  o rde r  of l o 6  ohm-cm), and each of 
t hese  exh ib i t ed  a s a t u r a t i o n  i n  photocurren t  with l i g h t  i n t e n s i t y .  A t y p i c a l  s a t u r a -  
t i o n  curve f o r  a c r y s t a l  i n  t h i s  ca tegory  i s  shown i n  f i g u r e  12 .  Severa l  samples had 
r e s i s t i v i t i e s  varying from lo4  t o  lo3  ohm-cm. 
versus  i n t e n s i t y  d isp layed  some cu rva tu re ,  sugges t ing  s a t u r a t i o n  bu t  n o t  ach iev ing  it 
a t  t h e  i n t e n s i t i e s  a v a i l a b l e  i n  t h i s  experiment. The remaining ca tegory  of c r y s t a l s  
had r e s i s t i v i t i e s  of l o 3  ohm-cm, and f o r  t hese  samples t h e  photocurren t  va r i ed  
l i n e a r l y  wi th  l i g h t  i n t e n s i t y  wi th in  t h e  i n t e n s i t y  range of t h i s  experiment. 

For t h e s e  samples t h e  photocurren t  

The model of excess  charge t r a n s p o r t  p rocesses  wi th in  t h e  semiconductor devel-  
oped i n  t h e  preceding  s e c t i o n  p r e d i c t s  a s a t u r a t i o n  f o r  t h e  photon f l u x  given by t h e  
express ion  

I0,S = m b D n  
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i s  t h e  bulk f r e e  c a r r i e r  concen t r a t ion ,  Dn i s  t h e  d i f f u s i o n  cons t an t ,  "b where 
and 01 is t h e  photoabsorpt ion c o e f f i c i e n t .  Since t h e  semiconductor r e s i s t i v i t y  p 
i s  r e l a t e d  to  t h e  concen r a t i o n  nb and mob i l i t y  p = @Dn (where f3 = e/kT) of t he  
c a r r i e r  by p = (enbpn) , equat ion  (6.1 1 can be wr ip ten  as 

-F 

Values f o r  t h e  abso rp t ion  c o e f f i c i e n t  of SrTi03  f o r  r a d i a t i o n  i n  t h e  uv reg ion  are 
n o t  r e a d i l y  a v a i l a b l e ,  bu t  an  average value of 4.4 x l o 4  cm" is  quoted by Capizzi  
and &ova ( r e f .  20) .  For a c r y s t a l  with a r e s i s t i v i t y  of 10 ohm-cm and an i n c i -  
d e n t  photon energy equal  t o  t h a t  of t h e  argon laser used i n  t h i s  experiment,  equa- 
t i o n  (6.2) g ives  a s a t u r a t i o n  f l u x  of 2 mW/cm . This va lue  agrees  with t h e  order-of-  
magnitude e s t ima te  f o r  t he  experimental  r e s u l t s  p re sen ted  here .  A f u l l y  reduced 
c r y s t a l  of SrTi03  has  a r e s i s t i v i t y  about  10 t i m e s  lower than t h e  samples used he re ,  
so pho tosa tu ra t ion  a t  an energy f l u x  of 2 kW/cm2 would be expected.  
of r a d i a n t  energy f l u x  is  c o n s i s t e n t  with t h e  f a i l u r e  t o  observe s a t u r a t i o n  i n  pre- 
vious experiments.  

6 

2 

6 

This high value 

7. THERMAL PHOTOELECTROCHEMICAL CELL 

The s o l a r  conversion e f f i c i e n c y  of a s t a b l e  semiconductor-based pho toe lec t ro ly -  
sis ce l l  is on t h e  o rde r  of 1 percent .  This i s  a r e s u l t  of t h e  f a c t  t h a t  only t h e  
metal-oxide semiconductors a r e  s t a b l e  t o  the  e l e c t r o l y s i s  process ,  and they a r e  pho- 
t o a c t i v e  f o r  photon ene rg ie s  around 3 eV o r  f o r  uv r a d i a t i o n .  Decreasing t h e  bandgap 
of t he  s t a b l e  e l e c t r o d e s  should i n c r e a s e  t h e  e f f i c i e n c y ,  s i n c e  more of t h e  s o l a r  f l u x  
would be u t i l i z e d .  The bandgaps of most semiconductors decrease  with i n c r e a s i n g  
temperature,  s o  an experimental  thermal  photoe lec t rochemica l  c e l l  w a s  assembled t o  
a s s e s s  t h e  e f f e c t  of temperature  on conversion e f f i c i e n c y  t o  broadband r a d i a t i o n .  
Two temperature  e f f e c t s  w e r e  a n t i c i p a t e d  - thermal  bandgap narrowing of t h e  photo- 
e l e c t r o d e  and decrease  of t h e  p o t e n t i a l  r equ i r ed  f o r  t h e  e l e c t r o l y s i s  of water  
( r e v e r s i b l e  e l e c t r o l y s i s  p o t e n t i a l ) .  Both of t hese  e f f e c t s  should r e s u l t  i n  an 
i n c r e a s e  i n  t h e  s o l a r  conversion e f f i c i e n c y .  F i g u r e  13 shows t h e  e f f e c t  temperature  
has on thermoneutral  p o t e n t i a l  and the  r e v e r s i b l e  e l e c t r o l y s i s  p o t e n t i a l  f o r  water.  
It can be seen t h a t  t h e  r e v e r s i b l e  e l e c t r o l y s i s  p o t e n t i a l  decreases  from 1.23 V a t  
s tandard  cond i t ions  as the  c e l l  temperature inc reases .  This decrease  is  due t o  t h e  
increased  c o n t r i b u t i o n  t o  t h e  e l e c t r o l y s i s  r e a c t i o n  made by the  thermal  energy a v a i l -  
a b l e  i n  the  aqueous s o l u t i o n .  

A schematic of t h e  experimental  s e t u p  i s  shown i n  f i g u r e  14. The thermal  photo- 
e lec t rochemica l  c e l l  was a s t a i n l e s s - s t e e l  v e s s e l  capable  of provid ing  temperatures  
t o  2OOOC. A qua r t z  window mounted on t h e  s i d e  of t h e  s t a i n l e s s - s t e e l  v e s s e l  allowed 
the  photoe lec t rode  t o  be i l l umina ted  by a 150-W xenon lamp. A platinum sc reen  w a s  
used as a counter  e l e c t r o d e ,  and mercury-mercuric oxide w a s  used a s  t h e  r e fe rence  
e l e c t r o d e .  Argon was used t o  p r e s s u r i z e  the  v e s s e l  t o  p reven t  the  water from b o i l i n g  
a t  high temperatures .  m e  0 . 1 4  NaOH e l e c t r o l y t e  and t h e  e l e c t r o d e s  w e r e  conta ined  
i n  a qua r t z  beaker wi th in  the  s t a i n l e s s - s t e e l  p re s su re  v e s s e l .  The s o l u t i o n  was 
s t i r r e d  us ing  a Teflon-coated magnetic s t i r r i n g  bar ,  and t h e  photocurren t -vol tage  
c h a r a c t e r i s t i c s  of t he  c e l l  were monitored with a p o t e n t i o s t a t  and x-y recorder .  The 
photoe lec t rodes  t e s t e d  w e r e  T i 0 2  and SrTi03 s i n g l e  c r y s t a l s  reduced i n  a hydrogen 
atmosphere f o r  2 hours a t  800OC. The temperature-induced changes i n  the  photo- 
response c h a r a c t e r i s t i c s  of an S r T i 0 3  based c e l l  a r e  shown i n  f i g u r e  15. 
e f f e c t s  are ev iden t .  F i r s t ,  t he  magnitude of t h e  o n s e t  p o t e n t i a l  ( t h e  most nega t ive  

TWO thermal  
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p o t e n t i a l  which produces c u r r e n t )  decreases  as t h e  ce l l  temperature  inc reases .  This 
decrease is d e l e t e r i o u s  to  t h e  conversion e f f i c i e n c y ,  because it is necessary f o r  t h e  
o n s e t  p o t e n t i a l  t o  be nega t ive  with r e s p e c t  t o  t h e  redox p o t e n t i a l  of hydrogen. 
Second, t h e  photocurren t  i n c r e a s e s  with inc reas ing  temperature  f o r  ce l l  vo l t ages  
above about  -0.2 V re ferenced  t o  Hg/HgO. This e f f e c t  f a v o r s  t h e  inc rease  i n  t h e  
conversion e f f i c i e n c y .  The conversion e f f i c i e n c y  q can be obtained from t h e  
re l a t i o n  

where i s  t h e  photocurren t ,  V i s  t h e  e x t e r n a l l y  app l i ed  vol tage ,  and 1.23 
is the  k e r s i b l e  e l e c t r o l y s i s  pote%?.al f o r  water.  A r e l a t i v e  e f f i c i e n c y  can be 
determined by us ing  t h e  e f f i c i e n c y  a t  room temperature  a s  a r e fe rence .  A p l o t  of t h e  
r e l a t i v e  e f f i c i e n c y  a s  a func t ion  of c e l l  temperature  f o r  an SrTi03 based photoelec-  
t rochemical  c e l l  i s  shown i n  f i g u r e  16. ?he r e l a t i v e  e f f i c i e n c y  peaks a t  about  100°C 
and shows a 50-percent i n c r e a s e  i n  e f f i c i e n c y .  The decrease  i n  conversion e f f i c i e n c y  
above 100°C i s  caused by t h e  thermal ly  induced decrease  i n  t h e  onse t  p o t e n t i a l  f o r  
t h i s  e l e c t r o d e .  The r e l a t i v e  e f f i c i e n c y  f o r  t he  SrTi03 samples peaked a t  tempera- 
t u r e s  ranging from 75OC t o  100OC. 
l a r  t o  the SrTi03 based c e l l s ,  t h a t  is, onse t  p o t e n t i a l  decreased with i n c r e a s i n g  
temperature ,  photocurren t  i nc reased  with temperature ,  and t h e  r e l a t i v e  e f f i c i e n c y  
peaked a t  temperatures  ranging from 75OC t o  100°C. The r a t e  a t  which the  o n s e t  
p o t e n t i a l  decreased with i n c r e a s i n g  temperature  f o r  t h e  T i 0 2  samples was smal le r  than 
f o r  t he  SrTi03 c r y s t a l s .  This e f f e c t  w a s  i n v e s t i g a t e d  and found t o  be r e l a t e d  t o  t h e  
p o i n t  of zero  z e t a  p o t e n t i a l  (pzzp)  of the material. A d i s c u s s i o n  of the pzzp 
r e s u l t s  is included i n  the  next  s e c t i o n .  

The thermal  response of Ti02 based c e l l s  w a s  s i m i -  

The r e l a t i v e  photocurren ts  f o r  both T i 0 2  and SrTi03 a t  1.5 V re ferenced  t o  
Hg/HgO a s  a func t ion  of temperature  a r e  shown i n  f i g u r e  17. The thermal i n c r e a s e s  i n  
t he  r e l a t i v e  photocurren t  f o r  both the  S r T i 0 3  and T i 0 2  correspond t o  approximately 
0.25 percent/K. The thermal enhancement of t he  photocurren t  observed here  i s  a t t r i b -  
u ted  t o  changes i n  t h e  pho toe lec t ron ic  p r o p e r t i e s  of t h e  semiconductor anodes. The 
absorp t ion  c o e f f i c i e n t  of t he  metal  oxides  is known t o  be temperature  dependent 
( r e f s .  20 through 22)  and is considered t o  be t h e  p r i n c i p a l  cause of t he  photothermal 
enhancement observed. 

The s p e c t r a l  dependence of t h e  absorp t ion  c o e f f i c i e n t  a f o r  t h e  two semicon- 
duc tor  materials used can be d iv ided  i n t o  two energy reg ions .  One energy reg ion  is  
below the  bandgap and is  governed by t h e  Urbach r u l e  ( r e f s .  20, 21, and 23) ,  and t h e  
second region of e n e r g i e s  is  g r e a t e r  than t h e  bandgap energy. 

Figure 18 i l l u s t r a t e s  t h e  t w o  abso rp t ion  reg ions  as w e l l  as t h e  s p e c t r a l  i r r a d i -  
ance of t h e  xenon lamp, which is  nea r ly  cons t an t  i n  t h e  reg ion  between t h e  bandgap of 
SrTi03 (400 nm) and 420 nm. The Urbach e f f e c t s  f o r  t h e  two ce l l - tempera ture  extremes 
(300 K and 450 K) are shown he re  and are c a l c u l a t e d  from 
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4 -1 where uo = 4.4 x 10 p ( r e f .  1 8 ) ,  T is  t h e  a b s o l u t e  temperature ,  EG is  the 
bandgap, k is t h e  Boltzmann c o n s t a n t ,  h is t h e  Planck c o n s t a n t ,  c is  t h e  speed 
of l i g h t ,  and A is t h e  wavelength. The temperature  dependen of the c u r r e n t  dens- 
i t y  Ju produced by a b s o r p t i o n  i n  t h e  Urbach region is  e F I  (@) where Io i s  t h e  
l i g h t  i n t e n s i t y  a t  t h e  bandgap and F is a c o n s t a n t  of order u n i t y .  Even though 
t h e r e  is  a s i g n i f i c a n t  change i n  t h e  a b s o r p t i o n  c o e f f i c i e n t  i n  t h e  Urbach reg ion  due 
t o  temperature  changes, t h i s  effect  c o n t r i b u t e s  only  approximately 1 p e r c e n t  of t h e  
t o t a l  thermal-induced enhancements observed. 

o h  

Assuming t h e  a b s o r p t i o n  c o e f f i c i e n t  is  independent  of changes i n  bandgap, t h e  
change i n  t h e  re la t ive photocurren t  wi th  temperature  is approximately 1 percent/K. 
To arrive a t  t h i s  f i g u r e ,  t h e  spectral o u t p u t  of t h e  l i g h t  s o u r c e  and t h e  rate of 
change of t h e  bandgap wi th  temperature  for SrTi03 (-0.95 x 
(ref. 24).  The r e s u l t s  for  Ti0 are expected t o  be s imilar .  This  r e s u l t  is  a f a c t o r  2 of 4 h igher  than observed exper imenta l ly ,  bu t  no c o n s i d e r a t i o n  has  been given t o  t h e  
e f f e c t  of temperature on loss mechanisms such as recombination. 

eV/K)  w e r e  used 

In  conclus ion ,  experiments  i n d i c a t e  t h a t  p h o t o c u r r e n t  e f f i c i e n c y  of broadband 
r a d i a t i o n  for  SrTi03 and Ti02 based photoe lec t rochemica l  cells  can be enhanced and 
t h a t  t h i s  i n c r e a s e  can be a t t r i b u t e d  t o  t h e  thermal  decrease i n  bandgap. This tech-  
n ique  may also be b e n e f i c i a l  i n  enhancing t h e  solar convers ion  e f f i c i e n c y  for t h e  
s t a b i l i z e d  l i q u i d  j u n c t i o n  solar cel ls .  

8. ONSET POTENTIAL AND POINT OF ZERO ZETA POTENTIAL 

In  the previous  s e c t i o n  it w a s  noted i n  t h e  d i s c u s s i o n  of f i g u r e  15 t h a t  t h e  
o n s e t  p o t e n t i a l  for  both  T i 0 2  and SrTi03 samples decreased  as t h e  ce l l  temperature  
increased ,  and t h a t  t h e  rate observed for  Ti0  
thermal  change i n  t h e  o n s e t  p o t e n t i a l  f o r  s i n g l e  c r y s t a l s  of u-Fe203 and a polycrys-  
t a l l i n e  W 0 3  sample w e r e  also i n v e s t i g a t e d .  

w a s  smaller than  t h a t  fo r  SrTi03. The 2 

The o n s e t  p o t e n t i a l  w a s  taken from t h e  p h o t o c u r r e n t  v o l t a g e  record ings  u s i n g  a 
convent iona l  t h r e e - e l e c t r o d e  system. The exper imenta l  appara tus  i s  shown schemat- 
i c a l l y  i n  f i g u r e  19. The l i g h t  f r o m  a 150-W xenon lamp. w a s  chopped and t h e  photo- 
c u r r e n t  recorded u s i n g  a lock-in amplifier.  The c e l l  w a s  h e l d  i n s i d e  a s t i r r e d  and 
hea ted  w a t e r  bath.  A reversible hydrogen e l e c t r o d e  (RHE)  w a s  used as a r e f e r e n c e  
e l e c t r o d e  f o r  m o s t  of t h e  experiments ,  In  some experiments  conducted i n  basic s o l u -  
t i o n s ,  an Hg/HgO electrode w a s  used as a r e f e r e n c e  e l e c t r o d e  for comparison. Solu- 
t i o n s  of NaOH (pH-13) and H 2 S 0 4  (pH-2) w e r e  used. 

The e f f e c t  of temperature  on t h e  o n s e t  p o t e n t i a l  for  t h e s e  materials a t  t w o  
d i f f e r e n t  s o l u t i o n  p H  va lues  is shown i n  f i g u r e  20. A l i n e a r  change of t h e  o n s e t  
p o t e n t i a l  wi th  respect t o  t h e  RHE is  observed i n  a l l  t h e  cases. The slope of t h e  
change is d i f f e r e n t  for  each e l e c t r o d e  material; t h e  h i g h e s t  slopes w e r e  observed for  
Fe203 and SrTi03, and t h e  lowest  f o r  W 0 3 .  
s o l u t i o n s  of d i f f e r e n t  pH. From f i g u r e  20 it can be seen  t h a t  t h e  s l o p e  of t h e  o n s e t  
p o t e n t i a l  versus  temperature  i s  about  t h e  same for  each electrode wi th  s o l u t i o n s  of 
e i t h e r  pH-13 or pH-2. 

These measurements w e r e  repea ted  wi th  

The r e l a t i o n s h i p  between t h e  o n s e t  p o t e n t i a l  ( t a k e n  t o  be t h e  f l a t b a n d  poten- 
t i a l  vFB for  the e l e c t r o d e ) ,  t h e  redox level €or  hydrogen Vo, t h e  p o t e n t i a l  drop 
across the Helmholtz l a y e r  VH, t h e  e l e c t r o n  a f f i n i t y  EA, and t h e  p o s i t i o n  of t h e  
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Fermi l e v e l  w i th  r e s p e c t  t o  t h e  conduct ion band edge 
i s  given ( r e f s .  25 through 28) as A,, is shown i n  f i g u r e  21 and 

EA = e V  + e V  + eVFB + AFC 0 H (8.1 1 

Changes i n  temperature  can e f f e c t  A , VH, and Vo. It can be shown ( r e f .  29) 
t h a t  t h e  change i n  t h e  o n s e t  p o t e n t i a l  w i %  temperature  u s i n g  an  RHE as t h e  r e fe rence  
e l e c t r o d e  is 

"FB 2.3~ R - = -  
AT F p H p ~ ~ p  - F '(e) ' 

(8.2) 

where R is  t h e  gas  cons t an t ,  F is t h e  Faraday c o n s t a n t ,  n is  t h e  f r e e  carrier 
d e n s i t y  i n  the  semiconductor,  is the  d e n s i t y  of s ta tes  i n  t h e  conduction band, 
and 

N, 

r 'I 

2.3RT + 
PHpzzp 

which is t h e  pH a t  t h e  p o i n t  of ze ro  z e t a  p o t e n t i a l  f o r  t h e  e l e c t r o d e .  Equa- 
t i o n  (8.2) shows t h a t  t he  o n s e t  p o t e n t i a l  of an oxide semiconductor e l e c t r o d e  s h i f t s  
l i n e a r l y  with i n c r e a s i n g  temperature  t o  a more p o s i t i v e  p o t e n t i a l  with a s l o p e  which 
is  independent of t h e  pH of t he  s o l u t i o n  and which is  determined by the  magnitude of 
t h e  pHpzzp. The more b a s i c  t h e  e l e c t r o d e  s u r f a c e ,  t h e  h i g h e r  t h e  pHpzzgeand t h e  

f o r  each e l e c t r o d e  w a s  determined us ing  equat ion  (8.2) and t h e  s lopes  of t h e  curves  
i n  f i g u r e  20 f o r  pH-2 and pH-13 s o l u t i o n s .  These va lues  are given i n  t a b l e  I. Also 
given i n  t a b l e  I are t h e  carr ier  concen t r a t ions  and d e n s i t y  of states f o r  each of t h e  
semiconductor materials used t o  determine the  magnitude of t h e  second t e r m  on t h e  
r ight-hand s i d e  of equat ion  (8.2). The average va lue  f o r  t h e  pHpzzp of each elec- 
t rode  is shown i n  f i g u r e  22. It should be noted t h a t  t h e  tungs ten  t r i o x i d e  sample is  
degenera te ly  doped, and t h e r e f o r e  t h e  second t e r m  on t h e  r ight-hand s i d e  of equat ion  
(8.2) is  zero .  Also shown i n  t a b l e  I and f i g u r e  22 are va lues  f o r  t h e s e  
semiconductor materials taken from t h e  l i t e r a t u r e .  
taken from re fe rence  26. There i s  good agreement between the  values  obta ined  i n  t h i s  
work and t h e  va lues  taken  from t h e  l i t e r a t u r e .  S ince  equa t ion  (8.2) prope r ly  
desc r ibes  the  observed behavior  of t he  o n s e t  p o t e n t i a l  of t h e  oxide semiconductors 
r epor t ed  he re ,  t h e  changes i n  t h e  onse t  p o t e n t i a l  wi th  temperature  are a t t r i b u t e d  t o  
thermal e f f e c t s  on the  p o t e n t i a l  ac ross  t h e  Helmholtz l a y e r .  

r e s u l t  IS a l a r g e r  change i n  the  onse t  p o t e n t i a l  with c e l l  temperature .  pHpzzp 

The c ~ k Z % r a w n  i n  f i g u r e  22 i s  

These r e s u l t s  l e a d  t o  two impor tan t  c o n s i d e r a t i o n s  f o r  choosing semiconducting 
materials t o  be used as pho toe lec t rodes  i n  a photoe lec t rochemica l  cel l .  F i r s t ,  t h e  
o n s e t  p o t e n t i a l  of t h e  pho toe lec t rode  is dependent on t h e  EA of t h e  e l e c t r o d e  m a t e -  
r i a l  and on the  p o t e n t i a l  across the Helmholtz l aye r .  The o n s e t  p o t e n t i a l  is  more 
negat ive  t h e  smaller t h e  EA and t h e  more a c i d i c  t h e  e l e c t r o d e  s u r f a c e  (smaller 
pHpzzp). While t h e  EA of t h e  e l e c t r o d e  material cannot  i n  p r i n c i p l e  be changed, 

can be changed ( r e f .  30). It w a s  sugges ted  ( r e f .  30) t h a t  by b inding  
more a c i d i c  groups t o  t h e  s u r f a c e  of T i 0 2 ,  f o r  example, t h e  o n s e t  p o t e n t i a l  could be 
s h i f t e d  t o  more nega t ive  va lues .  The method desc r ibed  h e r e  can be used t o  e v a l u a t e  

the pHpzzp 
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i n  a r e l a t i v e l y  e a s y  way any change i n  t h e  a c i d i t y  of t h e  e l e c t r o d e  s u r f a c e  fo l lowing  
t rea tment .  (The common methods of e v a l u a t i n g  t h e  
powder form are n o t  applicable here . )  

of t h e  materials i n  t h e  PHpzzp 

Second, as d i s c u s s e d  i n  the preceding  s e c t i o n ,  there is  t h e  p o s s i b i l i t y  of 
i n c r e a s i n g  t h e  solar- to-chemical  energy conversion e f f i c i e n c y  of a photoelectrochemi-  
ca l  ce l l  by i n c r e a s i n g  the ce l l  temperature  (refs. 28 and 29) .  For SrTi03 and Ti0 
t h e  photocurren t  i n c r e a s e s  by i n c r e a s i n g  the ce l l  temperature ,  and t h e  o v e r a l l  e f f i -  
c i e n c y  begins  t o  i n c r e a s e .  A t  ce l l  temperatures  h i g h e r  than  about  80°C, the e f f i -  
c iency  begins  t o  decrease  because t h e  o n s e t  p o t e n t i a l  f o r  these materials h a s  s h i f t e d  
t o  more posit ive values .  

2'  

These experiments  s u g g e s t  that by d e c r e a s i n g  t h e  v a l u e  of t h e  p H  (e.g. , by 
b inding  acidic groups t o  t h e  s u r f a c e ) ,  t h e  amount of t h e  thermal ly  indgggfl s h i f t  i n  
t h e  o n s e t  p o t e n t i a l  of t h e  photoe lec t rodes  may be reduced. This  reduct ion  would 
improve t h e  e f f i c i e n c y  of t h e  photoe lec t rochemica l  c e l l  by i n c r e a s i n g  t h e  
temperature. 

9. PHOTOPRODUCTON OF HALOGENS 

To o b t a i n  t h e  maximum conversion e f f i c i e n c y  fo r  a given semiconductor,  and 
t h e r e f o r e  for a f i x e d  bandgap, it is  necessary to  f i n d  a redox couple  whose elec- 
t r o l y s i s  p o t e n t i a l  i s  s l i g h t l y  less than t h e  bandgap energy and whose redox r e a c t i o n s  
l i e  w i t h i n  t h e  bandgap. For example, t h e  maximum e f f i c i e n c y  a t t a i n a b l e  (as shown i n  
s e c t i o n  7)  for t h e  e l e c t r o l y s i s  of w a t e r  ( e l e c t r o l y t i c  p o t e n t i a l  of 1.23 V and 
e n t h a l p y  of  1.47 V) by Ti02 w i t h  a bandgap of 3 e V  is  

1.47 e V  
= 0.49 - - 

%ax 3.0 e V  (9.1 1 

The conversion e f f i c i e n c y  can be increased ,  for  example, by f i n d i n g  a n  e l e c t r o l y t i c  
r e a c t i o n  which i s  d r i v e n  a t  about  3 V. In t h i s  s i t u a t i o n  t h e  conversion e f f i c i e n c y  
would be 1. These e f f i c i e n c i e s  presume t h a t  t h e  incoming r a d i a t i o n  is  monochromatic 
and has  an energy of 3 e V ,  which is t h e  bandgap o f  Ti02. 

An example of one such r e a c t i o n  i s  t h e  e l e c t r o l y s i s  of HF. In a c i d  s o l u t i o n s  
t h e  e l e c t r o l y t i c  p o t e n t i a l  i s  3 V, and t h e  r e a c t i o n s  a t  t h e  e l e c t r o d e s  produce hydro- 
gen and f l u o r i n e  as 

(9.2) 2 
2HF -+ H + F 

2 

Experiments w e r e  a t tempted  u s i n g  SrTi03 and Ti02 s i n g l e  c r y s t a l s  i n  aqueous s o l u t i o n s  
of 0.1 M HF. However, as expected from t h e  c o r r o s i v e  n a t u r e  of HF, t h e  HF chemical ly  
a t t a c k e d  t h e  semiconductor e l e c t r o d e s .  A t t e n t i o n  w a s  tu rned  t o  t h e  o t h e r  halogens: 
c h l o r i n e ,  bromine, and i o d i n e .  The redox levels f o r  t h e s e  halogens and w a t e r  i n  
r e l a t i o n  t o  t h e  bandgap of Ti0 a t  t w o  a c i d  pH va lues  are shown i n  f i g u r e  23. The 
p h o t o e l e c t r o l y s i s  of t h e s e  compounds has  been analyzed ( refs .  31 and 32) for t h e  case 
of  s i n g l e - c r y s t a l  Ti02 p h o t o e l e c t r o d e s  i n  t h e  s t a n d a r d  photoe lec t rochemica l  ce l l .  
The r e s u l t s  of t h e s e  a n a l y s e s  i n d i c a t e d  t h a t  c h l o r i d e ,  bromide, and i o d i d e  i o n s  w e r e  
ox id ized  a t  a n  i l l u m i n a t e d  Ti02 e l e c t r o d e .  

2 
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Some work has been done us ing  n-type semiconductor powders ( r e f s .  33 through 37) 
to  photoca ta lyze  oxidaton r e a c t i o n s  which otherwise would occur a t  very low rates. 
The p l a t i n i z e d  semiconductor powder can be considered t o  provide many shor t -  
c i r c u i t e d ,  plat inum, semiconductor e l e c t r o d e s  on which pho toass i s t ed  r e a c t i o n s  can 
t a k e  p lace ,  provided t h e  r educ t ion  process  occurs  a t  a more p o s i t i v e  p o t e n t i a l  than 
t h e  f l a t b a n d  p o t e n t i a l  of t h e  semiconductor. To d a t e ,  most of the  r e a c t i o n s  a t  i l l u -  
minated T i 0 2  o r  P t - T i 0  
through 39) .  The p o s s i b i l i t y  of ca r ry ing  ou t  pho tosyn the t i c  r e a c t i o n s  i s  of g r e a t e r  
i n t e r e s t  ( r e f s .  39 and 40) .  Tne experimental  r e s u l t s  summarized h e r e i n  d e a l  with t h e  
producton of the halogens a t  T i 0  powders suspended i n  aqueous s o l u t i o n s  of t h e i r  
r e s p e c t i v e  ions .  The r e a c t i o n s  i n v e s t i g a t e d  were t h e  pho toass i s t ed  ox ida t ion  of t he  
halogens and the  r educ t ion  of oxygen a t  T i 0 2  p a r t i c l e s .  
m a t i c a l l y  i n  f i g u r e  24 f o r  ch lo r ine .  The two h a l f - r e a c t i o n s  assumed are :  

powders a r e ,  by t h e i r  na tu re ,  p h o t o c a t a l y t i c  ( r e f s .  33 2 

2 
The process  i s  shown sche- 

+ 
2 2x- + 2h -+ x 

a t  t h e  i l l umina ted  Ti02 s i t e ,  and 

1 + 
- 0  + 2 H  + 2 e - +  H O  
2 2  2 

a t  t h e  p l a t i n i z e d  s i t e .  These h a l f - r e a c t i o n s  give t h e  o v e r a l l  r eac t ion  

- 1  1. 

2 X  + ' O  + 2 H ' + X  + H O  
2 2  2 2 

(9 .3)  

(9.4) 

(9.5) 

where H+ and e- a r e  t h e  photoproduced ho le -e l ec t ron  p a i r  and X is the  appro- 
p r i a t e  halogen. The exper imenta l  d e t a i l s  can be found i n  r e fe rence  41. 

The e n e r g e t i c s  of t h e  processes  descr ibed  by r e a c t i o n s  (9.3) through (9.5) f o r  
t he  th ree  halogens a r e  shown i n  f i g u r e  23. The f i g u r e  shows t h a t  the ox ida t ion  of 
I- t o  I2 by oxygen i s  a spontaneous r eac t ion .  Adding t h e  Pt-Ti02 p h o t o c a t a l y s t ,  
however, was found t o  enhance the  oxida t ion  r a t e ,  a s  shown i n  t a b l e  11. More s t r i k -  
i n g  i s  t h e  photo-oxidat ion of B r -  and C1- a t  t h e  P t -T i02  powder su r face .  The oxida- 
t i o n  of t hese  h a l i d e s  by oxygen is  nonspontaneous a t  pH - 5.5 with AG = 8 kcal/mole 
f o r  B r -  o x i d a t i o n  and AG = 21 kcal/mole f o r  C1- ox ida t ion .  However, t hese  h a l i d e s  
w e r e  produced i n  t h e  presence of t he  p l a t i n i z e d  t i t an ium dioxide  p a r t i c l e s  and l i g h t ,  
and the  r e s u l t s  a r e  given i n  t a b l e  11. These a r e  c l e a r  examples of a chemical reac- 
t i o n  t ak ing  p l ace  a t  t h e  i l l umina ted  platinum-semiconductor powder su r face  i n  a non- 
spontaneous (pho tosyn the t i c )  d i r e c t i o n  and g iv ing  r i s e  to  u s e f u l  chemicals.  

The f a c t  t h a t  photosynthes is  is  c l e a r l y  achieved i n  t h i s  sys tem i n d i c a t e s  t h a t  
charge s e p a r a t i o n  occurs  i n  t h e  semiconductor powder (wi thou t  e x t e r n a l  b i a s i n g )  by 
in t roduc ing  t h e  plat inum. With pure powder, much smaller rates were found, i n d i -  
c a t i n g  charge s e p a r a t i o n  w a s  n o t  e f f e c t i v e .  (See t a b l e  11.) The e f f e c t  of p l a t i n i -  
z a t i o n  i s  a s s o c i a t e d  with t h e  f a c t  t h a t  t h e  overvol tage  f o r  oxygen reduct ion  a t  t h e  
p a r t i c l e  is lowered ( r e f s .  38 and 4 2 ) .  

It was found t h a t  t h e  rate of product ion of the halogens is  i n  t h e  o rde r  
I2 > B r 2  > C12. This is because of t he  d i f f e r e n c e  i n  t h e  a b i l i t y  of t h e  h a l i d e  
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anions  t o  compete with water f o r  t h e  photoproduced h o l e s  i n  t h e  semiconductor 
(refs. 31 and 32), and a lso because of the d i f f e r e n c e  i n  the a b i l i t y  of oxygen t o  
compete wi th  the halogen f o r  reduct ion  on t h e  plat inum s i te .  

The rate of t h e  halogen product ion  w a s  enhanced by lowering t h e  s o l u t i o n  p H .  
(See table 11.) 'Ibis can be understood from r e a c t i o n s  (9.3) through (9.5) and f i g -  
u r e  23: ( a )  t h e  o x i d a t i o n  p o t e n t i a l  of w a t e r  is more posi t ive a t  lower p H ;  there- 
f o r e ,  h a l i d e  o x i d a t i o n  becomes more competitive; and (b )  t h e  reduct ion  p o t e n t i a l  of  
oxygen is  more posi t ive a t  l o w e r  pH;  t h e r e f o r e ,  oxygen becomes more competitive wi th  
t h e  halogen molecules for r e d u c t i o n  a t  t h e  plat inum s i tes .  In  fact ,  a t  t h e  l o w e r  p H ,  
the o x i d a t i o n  of Br -  becomes p h o t o c a t a l y t i c  as can be seen  from f i g u r e  23. 

For t h e  case of t h e  p h o t o s y n t h e t i c  r e a c t i o n s  demonstrated,  n e t  conversion of 
solar energy to chemical enerqy i s  a lso achieved. The e f f i c i e n c y  for t h i s  convers ion  
can be c a l c u l a t e d  u s i n g  t h e  equat ions  

Energy s t o r e d  as X - Energy from power supply  2 
r l =  L ight  energy 

(9.7) 

where t i s  t h e  i l l u m i n a t i o n  t i m e ,  I i s  t h e  ra te  of X2 p roduct ion  expressed  i n  
u n i t s  of c u r r e n t ,  
r e a c t i o n s  of t h e  cel!?, and Vext i s  t h e  vol tage  s u p p l i e d  from a n  e x t e r n a l  source.  
The p h o t o s y n t h e t i c  r e a c t i o n  1s c a r r i e d  o u t  wi thout  supply ing  e l ec t r i ca l  power from a n  
e x t e r n a l  source ;  t hus ,  Vext = 0. Taking i n t o  c o n s i d e r a t i o n  only t h e  l i g h t  absorbed 
by t h e  Ti02, t h e  c a l c u l a t e d  o p t i c a l  power e f f i c i e n c y  f o r  t h e  i d e a l  case of C12  pro-  
d u c t i o n  is  3 percent .  This i s  compared wi th  t h e  1- t o  2-percent s o l a r - t o - e l e c t r i c a l  
enerqy conversion e f f i c i e n c y  a t  Ti02 e l e c t r o d e s  
s o l u t i o n  where C 1  i s  allowed t o  accumulate, a power e f f i c i e n c y  of 0.03 p e r c e n t  i s  
c a l c u l a t e d  f o r  t h e  conversion of solar- to-chemical  energy. The p r a c t i c a l  va lues  f o r  
t h e  e f f i c i e n c y  would be between t h e s e  values .  I f  t h e  whole spectrum of a v a i l a b l e  
l i g h t  enerqy is  taken i n t o  c o n s i d e r a t i o n ,  t h e  e f f i c i e n c i e s  c a l c u l a t e d  are lower. 

V rod is t h e  d i f f e r e n c e  i n  t h e  redox p o t e n t i a l s  of t h e  two h a l f -  

( r e f s .  43 and 44) .  In  t h e  a c i d i c  

2 

The halogens produced i n  t h i s  way can be used n o t  on ly  as a source  of chemical 
enerqy i n  space and on Earth,  bu t  a l s o  by t h e  chemical i n d u s t r y ,  which uses  t h e s e  
chemicals i n  barge q u a n t i t i e s .  A t  t h e  p r e s e n t  t i m e ,  t h e s e  chemicals are be ing  pro- 
duced p r i m a r i l y  from e l e c t r o l y t i c  ce l l s  u s i n g  e l ec t r i ca l  enerqy t o  d r i v e  t h e  d e s i r e d  
r e a c t i o n .  This technique only r e q u i r e s  a source  of uv r a d i a t i o n  which can be sup- 
p l i e d  by t h e  Sun. 

Figure 25 i s  a schematic  of a photoe lec t rochemica l  c e l l  as w e l l  as a magnified 
v i e w  of t h e  chemical processes  t a k i n g  p lace  on t h e  powder. S o l a r  u l t r a v i o l e t  l i g h t  
absorbed by t h e  p l a t i n i z e d  Ti0 powder o x i d i z e s  t h e  h a l i d e  i o n  t o  t h e  halogen mole- 
c u l e  ( e . g . ,  c h l o r i d e  i o n  from a b r i n e  s o l u t i o n  to  c h l o r i n e  g a s )  and reduces oxygen 
which is s u p p l i e d  by bubbl ing a i r  through t h e  r e a c t i o n  v e s s e l .  The chemical r e a c t i o n  
t a k i n g  p l a c e  i n  t h e  presence of t h e  powder and uv l i g h t  i s  shown i n  r e a c t i o n  ( 9 . 5 ) .  
The halogen gas  is  c o l l e c t e d  above t h e  b r i n e  s o l u t i o n  and may be s e p a r a t e d  from t h e  
a i r  by membranes. The Ti0  powder i s  inexpensive because it i s  widely used i n  p a i n t ,  
and a n a t u r a l  source  of b r i n e  on Earth could he seawater. The technique of g e t t i n g  

2 

2 
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c h l o r i n e  from seawater  is an ene rgy-e f f i c i en t  process  capable  of producing a product  
widely used i n  the  chemical i ndus t ry .  

IO. LAYERED TRqNSITION METAL THIOPHOSPHATES 

The search  f o r  s t a b l e ,  small-bandgap semiconductor m a t e r i a l s  f o r  use  as e l e c -  
t rodes  i n  photoelectrochemical  c e l l s  has l ed  t o  t h e  metal  chalcogenides ,  MX2, such as 
MoS2, and WSe2 ( r e f s .  45 through 51) .  
t u re .  I n  such s t r u c t u r e s ,  t h e  chalcogenide bonds wi th in  t h e  l aye r  are s a t u r a t e d ,  and 
the  i n d i v i d u a l  l a y e r s  are bound t o  each o the r  by weak van de r  Waals f o r c e s .  
Electron-hole  gene ra t ion  appears  t o  occur because of d-d p h o t o t r a n s i t i o n s .  These 
t r a n s i t i o n s  do n o t  a f f e c t  t he  chemical bonds i n  the  c r y s t a l ,  so the  c r y s t a l  resists 
photodecomposition. 

These ma te r i a l s  have a layered  c r y s t a l  s t r u c -  

A new c l a s s  of layered  compounds w a s  r e c e n t l y  analyzed f o r  use as photoelec-  
t rodes  i n  photoe lec t rochemica l  cells ( r e f .  52) .  
where M is  a t r a n s i t i o n  m e t a l ,  P is  phosphorous, and X is an element of t h e  s u l f u r  
series. These m a t e r i a l s  have been c a l l e d  t r a n s i t i o n  metal  thiohypophosphates 
( r e f s .  53 and 54) .  

These materials a r e  of t he  type M P X 3  

Single  c r y s t a l s  of t h e  t r a n s i t i o n  m e t a l  th iophosphate  c r y s t a l s  were grown by 
iod ine  vapor t r a n s p o r t  i n  qua r t z  ampules 10 cm i n  length  and 1.5 cm i n  diameter  
( r e f s .  53 and 54) .  A 4-g charge c o n s i s t i n g  of a s t o i c h i o m e t r i c  mixture of t h e  e l e -  
ments, t o  which 150 mg of iod ine  w a s  added, was introduced i n t o  one end of t h e  
ampule, and t h e  ampule w a s  s ea l ed  i n  a n i t rogen  atmosphere. A tube oven with a h o r i -  
zon ta l  temperature  g r a d i e n t  given i n  t a b l e  I11 w a s  used f o r  t h e  growth process .  
Growth cond i t ions  w e r e  maintained f o r  about  100 hours,  r e s u l t i n g  i n  c r y s t a l s  up to  
about 10 mm x 10 mm x 0.1 mm. 

The photoe lec t rochemica l  response of SnPS3, N i p s 3 ,  and FePS3 used a s  e l e c t r o d e s  
i n  an aqueous s o l u t i o n  con ta in ing  s u l f u r i c  a c i d  a t  pH-2 is  shown i n  f i g u r e  26. The 
curves labe led  ( a )  a r e  t h e  dark c u r r e n t s ,  and t h e  curves l abe led  ( b )  i n d i c a t e  t h e  
photocurren t  when t h e  sample w a s  i r r a d i a t e d  with t h e  f u l l  i n t e n s i t y  of t he  1 5 0 - W  
xenon lamp. The t h r e e  m a t e r i a l s  shown have a very low dark c u r r e n t  and a c l e a r  pho- 
toresponse.  The SnPS3 sample has  a photoanoidic  response t y p i c a l  of n-type semicon- 
duc tor  compounds. S i n g l e - c r y s t a l  samples of SnPS grown under apparent ly  s i m i l a r  
condi t ions  showed photocathodic  response a s  w e l l  as a response expected of an i n t r i n -  
s i c  semiconductor e l e c t r o d e .  T h i s  sugges ts  t h a t  t h e  growth cond i t ions  a r e  impor tan t  
i n  determining the  doping c h a r a c t e r i s t i c s  of t h e  SnPS3. 
c r y s t a l s  w e r e  c o n s i s t e n t l y  produced. One type was d i s t i n c t l y  layered  with.  only a few 
l a y e r s  pe r  sample, and the  o the r  type was more g ranu la r  and layered .  No e f f o r t  w a s  
made t o  c o r r e l a t e  t h e  growth cond i t ions  with t h e  r e s u l t i n g  doping c h a r a c t e r i s t i c s  of 
t he  SnPS3 c r y s t a l s .  
e l e c t r o d e s .  
ma te r i a l s .  

3 

A l s o ,  two types of SnPS3 

The FePS3 and N i p s 3  c r y s t a l s  behave a s  p-type semiconductor 
C r y s t a l s  of FePS3 and N i p s 3  from d i f f e r e n t  growths a l l  behaved as p-type 

Crys t a l s  of SnPSe3 and MnPS3 showed n-type response.  These two materials w e r e  
The photoresponse of BiPS4 c r y s t a l s  very uns tab le  i n  both a c i d  and base s o l u t i o n s .  

w a s  t y p i c a l  of an i n t r i n s i c  photoe lec t rode .  This m a t e r i a l  w a s  a l s o  uns t ab le  i n  a c i d  
or base e l e c t r o l y t e s ,  and a s  a r e s u l t ,  no bandgap d a t a  w e r e  obtained.  In  a d d i t i o n  t o  
t h e  above materials, Cops2, CrPS3, FePSe3, and Gaps2 c r y s t a l s  were grown and gave no 
photoresponse and w e r e  very uns t ab le  i n  ac id  s o l u t i o n s .  
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The o n s e t  p o t e n t i a l  i n  v o l t s  f o r  t h e  pho tocur ren t  of t h e  SnPS3 samples w a s  0 
re ferenced  t o  SCE a t  pH-2. This o n s e t  p o t e n t i a l  is about  850 mV more negat ive  than  
t h e  r e v e r s i b l e  p o t e n t i a l  f o r  oxygen evo lu t ion ,  which i n d i c a t e s  a n e t  ga in  i n  energy 
conversion.  The o n s e t  p o t e n t i a l  f o r  FePS3 is  about  400 mV more ca thod ic  than the 
r e v e r s i b l e  p o t e n t i a l  f o r  hydrogen evo lu t ion .  This  i n d i c a t e s  a n e t  ga in  i n  energy 
conversion.  The p o s i t i o n  of t h e  band edges of SnPS3 and i o d i n e  redox p o t e n t i a l s  are 
shown i n  f i g u r e  27. 

I n v e s t i g a t i o n s  of the s t a b i l i t y  of these  compounds under i l l u m i n a t i o n  w e r e  made 
i n  both a c i d  and base e l e c t r o l y t e .  The c r y s t a l s  w e r e  very  u n s t a b l e  i n  a h igh  pH 
environment, and a f t e r  a s h o r t  pe r iod  of t i m e ,  t h e  pho tocur ren t  decayed t o  zero.  
Inspec t ion  of t he  c r y s t a l s  i n d i c a t e d  t h a t  de lamina t ion  of t h e  l a y e r s  occurred as w e l l  
as photocorrosion.  A l l  t h e  s e l e n i d e  compounds photocorroded i n  a c i d  s o l u t i o n s  a l s o .  
The sulfur-based compounds w e r e  found t o  be s t a b l e  for p e r i o d s  up to  an hour i n  
s t r o n g l y  a c i d  s o l u t i o n s .  The s u r f a c e  of t hese  materials exposed t o  t h e  e l e c t r o l y t e  
showed no s i g n s  of degrada t ion  when inspec ted  under a l i g h t  microscope. However, 
even the su l fur -based  c r y s t a l s  w e r e  very uns t ab le  i n  a c i d  s o l u t i o n s  i f  t h e  edges o f  
t he  l a y e r s  w e r e  exposed t o  the  e l e c t r o l y t e .  

The pho tocur ren t  response as a f u n c t i o n  of photon energy w a s  determined f o r  some 
of the  layered  materials. 
f i q u r e  28. Assuming t h a t  a Schot tky  b a r r i e r  e x i s t s  a t  t h e  e l e c t r o d e - e l e c t r o l y t e  
i n t e r f a c e ,  then,  near  t he  band edge, t he  pho tocur ren t  I w i l l  have the  fo l lowing  
dependence on t h e  photon energy 

The pho tocur ren t  response f o r  n-type SnPS3 is shown i n  

Ph 
Eph: 

I = ($)(Eph - EG)n/2 
ph ph 

(10.1) 

where A is a c o n s t a n t  f o r  a f i x e d  a p p l i e d  p o t e n t i a l ,  EG is  t h e  bandgap energy,  
and n depends on the  bandgap o p t i c a l  t r a n s i t i o n s .  That is, n = 7 f o r  a d i r e c t  
t r a n s i t i o n  and n = 4 f o r  an i n d i r e c t  t r a n s i t i o n .  (See r e f s .  55 and 56.) A p l o t  
of ( E  I )'I2 as a func t ion  of E f o r  each of t h e  materials examined showed a 
l i n e a r  dependence, which i n d i c a t e d  an i n d i r e c t  bandgap. An example of t h i s  depend- 
ence is shown i n  f i g u r e s  29 and 30 f o r  n-type SnPS3 and p-type FePS3. 
w a s  the bandgap of t h e  material. The bandgaps determined by t h i s  method f o r  t h e s e  
c r y s t a l s  are l i s t e d  i n  table 111. 

Ph Ph Ph 

The i n t e r c e p t  

Experiments t o  determine t h e  e f f e c t  of s o l u t i o n  pH on t h e  onse t  p o t e n t i a l  showed 
The curve has  a a l i n e a r  dependence up t o  PH-6. 

s l o p e  of 59 mV/pH and i n d i c a t e s  approximately Nerns t ian  behavior  of t he  onse t  poten- 
t i a l  f o r  these layered  materials. 

Figure 31 g ives  the  d a t a  f o r  SnPS3. 

The s p e c t r a l  response of t h e  SnPS3 pho toe lec t rodes  w a s  i n v e s t i g a t e d  as a func- 
t i o n  of c e l l  temperature  i n  a pH-2  s o l u t i o n .  The layered  sample exh ib i t ed  a broad 
response centered  a t  3 e V  with a f u l l  width a t  h a l f  maximum of 1 e V  as shown i n  f i g -  
u re  28. The g ranu la r  samples have a much narrower response cen te red  a t  2.3 e V  with a 
f u l l  width a t  h a l f  maximum of 0.15 e V  as shown i n  f i g u r e  32. The e f f e c t  of c e l l  
temperature  on t h e  s p e c t r a l  response of a g ranu la r  SnPS3 sample is a l s o  shown i n  
f i g u r e  32. There is a dramat ic  s h i f t  of t h e  response toward t h e  red end of t he  spec- 
trum with i n c r e a s i n g  temperature .  A p l o t  of t he  peak of t h e  spectrum as a f u n c t i o n  
of ce l l  temperature  is shown i n  f i g u r e  33. The s h i f t  of t h e  peak i s  a t  a rate of 
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2.4 meV/K. This  thermal s h i f t ,  however, i s  n o t  due t o  t h e  change i n  t h e  bandgap, 

I n  conclusion,  a new class of layered  t r a n s i t i o n  m e t a l  th iophosphates  of t h e  
type MPX3 w e r e  i n v e s t i g a t e d  f o r  use  as photoe lec t rodes  i n  photoelectrochemical  ce l l s .  
Only SnPS3, N i p s 3 ,  and FePS3 c r y s t a l s  w e r e  stable, and t h e s e  w e r e  s table only i n  a c i d  
s o l u t i o n s .  
c h a r a c t e r i s t i c s .  The iron-based and nickel-based s u l f u r  compounds showed only  p-type 
photocurrent-vol tage c h a r a c t e r i s t i c s .  These materials had an i n d i r e c t  bandgap of  
about  2.1 e V  and a n  o n s e t  p o t e n t i a l  near  z e r o  r e f e r e n c e d  t o  t h e  SCE a t  pH-2. The 
o n s e t  p o t e n t i a l  fo r  t h e  stable materials w a s  Nernst ian between pH-0 and pH-7. These 
materials showed l o w  conversion e f f i c i e n c i e s  when used as photoe lec t rodes  i n  l i q u i d -  
j u n c t i o n  p h o t o v o l t a i c  ce l l s  wi th  i o d i d e  and t r i - i o d i d e  as a redox couple.  Based on 
t h e s e  r e s u l t s ,  f u r t h e r  r e s e a r c h  c h a r a c t e r i z i n g  t h e  growth c o n d i t i o n s  r e s u l t i n g  i n  n- 
and p-type c r y s t a l s ,  p a r t i c u l a r l y  f o r  t h e  sulfur-based c r y s t a l s ,  as w e l l  as more 
e x t e n s i v e  i n v e s t i g a t i o n s  wi th  o t h e r  redox couples  w i l l  determine t h e  u t i l i t y  of t h i s  
class of compounds as photoe lec t rodes  i n  photoe lec t rochemica l  cells. 

C r y s t a l s  of SnPS3 e x h i b i t e d  i n t r i n s i c  and n- and p-type photocurren t  

I s i n c e  no s i g n i f i c a n t  change i n  t h e  bandgap ( ~ 2 . 1  e V )  w a s  observed. 

1 1 .  HIGH-EFFICIENCY PHOTOELECTROCHEMICAL SYSTEM 

Laser energy conversion e f f i c i e n c i e s  of 20 p e r c e n t  f o r  t h e  p h o t o e l e c t r o l y s i s  of 
w a t e r  t o  gaseous hydrogen and oxygen i n  a SrTi03 based ce l l  wi th  a s m a l l  a p p l i e d  
vol tage  have been demonstrated by Wrighton e t  a l .  ( ref .  16 ) .  The c a l c u l a t i o n  of t h e  
conversion e f f i c i e n c y  must account  for t h i s  a p p l i e d  p o t e n t i a l  as 

I (1'.48 - V ) 
Ph . aPP ' = L i g h t  f l u x  

(11.1) 

where 1.48 is the reversible p o t e n t i a l  corresponding t o  t h e  en tha lpy  for t h e  r e a c t i o n  

2H + O2 + 2H 0 . (1 1.2) 
2 2 
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Eliminat ion of t h e  a p p l i e d  p o t e n t i a l  f r o m  e q u a t i o n  ( 1 1 . 1 )  i n c r e a s e s  t h e  conversion 
e f f i c i e n c y ,  and, for  t h e  case of a l i g h t  f l u x  from a laser, t h e  e f f i c i e n c y  i s  l imi t ed  
by t h e  quantum e f f i c i e n c y  of the p a r t i c u l a r  photoe lec t rode .  Approaching a 40-percent 
conversion e f f i c i e n c y  for  this SrTi03 system is feasible.  

One scheme which s u c c e s s f u l l y  demonstrates  t h a t  h igh  laser conversion e f f i c i e n -  
cies can be achieved is  shown i n  f i g u r e  35. Laser energy i n c i d e n t  on a photoe lec-  

of t h i s  laser energy is r e f l e c t e d  f r o m  t h e  window and would normally be a loss i n  t h e  
conversion process. However ,  p l a c i n g  a p h o t o v o l t a i c  device ,  such as a Schot tky  bar- 
rier solar cell ,  i n  t h e  r e f l e c t e d  beam as shown i n  t h e  figure can provide t h e  
r e q u i r e d  e x t e r n a l  bias necessary  to  achieve  s a t u r a t i o n  and maximum e f f i c i e n c y .  

I 

trode must pass through a window i n  t h e  photoe lec t rochemica l  cell .  A s m a l l  p o r t i o n  I 

A system, conf igured  as shown s c h e m a t i c a l l y  i n  f i g u r e  35, c o n s i s t i n g  of a s i n g l e  
c r y s t a l  of a-Fe203 as a photoanode i n  t h e  p h o t o e l e c t r o l y s i s  c e l l  and t h r e e  s i l i c o n  
solar  ce l l s  w a s  used t o  demonstrate  t h e  p r i n c i p l e  of h igh  laser- to-chemical  energy 
conversion e f f i c i e n c y .  The open-c i rcu i t  vo l tage  of t h e  s i l i c o n  solar cel ls  w i t h  
laser r a d i a t i o n  having a photon energy of 2.4 e V  w a s  a b o u t  0.3 V. Fiqure 36 i s  t h e  
exper imenta l ly  obta ined  photocurren t  response of t h e  i ron-oxide c r y s t a l  as a f u n c t i o n  
of vol tage.  The response is shown as fol lows:  ( 1 )  Unil luminated;  ( 2 )  I l l u m i n a t e d  

= 2.4 eV; ( 3 )  I l l u m i n a t e d  u s i n g  as a b i a s  t h e  p o r t i o n  of with laser r a d i a t i o n  a t  
t h e  laser r a d i a t i o n  r e f l e c  ed from t h e  c e l l  window and s u r f a c e  of t h e  i ron-oxide 
c r y s t a l .  The o n s e t  of t h e  photocurren t  s h i f t s  approximately 1 V with r e s p e c t  t o  t h e  
hydrogen h a l f  -ce l l  p o t e n t i a l .  me p r i n c i p l e  of t h e  technique  is, t h e r e f o r e ,  v e r i f i e d  
by t h i s  r e s u l t .  N o t  on ly  i s  t h e  loss i n h e r e n t  i n  t h e  r e f l e c t i o n  from t h e  s u r f a c e s  
recovered,  b u t  a l s o  t h e  p h o t o v o l t a i c  ce l l s  u t i l i z e  t h i s  energy t o  provide  t h e  bias 
needed t o  maximize t h e  conversion e f f i c i e n c y  by e l i m i n a t i n g  t h e  need for e x t e r n a l l y  
d e r i v e d  power. 

Egh 

The c u r r e n t  e f f i c i e n c y  of a photoe lec t rochemica l  c e l l  i s  a lso a f u n c t i o n  of 
e x t e r n a l l y  a p p l i e d  voltage. This is p a r t i c u l a r l y  t r u e  of i n d i r e c t  bandgap materials 
such as a-Fe203 shown i n  f i g u r e  37. 
bias of 2.0 V a t  a laser photon energy of 3.5 eV. The bottom curve i n  f i g u r e  37 
shows t h e  maximum laser conversion e f f i c i e n c y  as a f u n c t i o n  of laser photon energy i n  
eV.  The e f f i c i e n c y  for  conver t ing  laser r a d i a t i o n  t o  hydrogen and oxygen peaks a t  
3.5 e V  and i s  15 p e r c e n t  i f  t h e  2.0-V b i a s  is n o t  accounted for.  

Peak c u r r e n t  e f f i c i e n c y  occurs  f o r  a n  e x t e r n a l  

The top curve of f i g u r e  38 g i v e s  t h e  l o g  of  t h e  quantum e f f i c i e n c y  as a f u n c t i o n  
of photon energy for s i n g l e - c r y s t a l  SrTi03. 
e f f i c i e n c y  i s  u n i t y  f o r  photon e n e r g i e s  near  3.8 eV. S ince  t h e  technique as demon- 
s t r a t e d  e l i m i n a t e s  t h e  bias p r e v i o u s l y  requi red  t o  achieve  s a t u r a t i o n  c u r r e n t ,  laser 
conversion e f f i c i e n c y  f o r  t h i s  material and any o t h e r  material is  now determined by 
i t s  spectral  response.  In t h e  bottom curve of f i g u r e  38, t h e  laser- to-chemical  con- 
v e r s i o n  e f f i c i e n c y  i s  p l o t t e d  as a f u n c t i o n  of t h e  i n c i d e n t  laser photon energy. The 
e f f i c i e n c y  reaches 38 p e r c e n t  f o r  laser photon e n e r g i e s  of  3.8 eV.  

It should be noted t h a t  t h e  quantum 

S i n g l e - c r y s t a l  photoe lec t rodes  g ive  t h e  h i g h e s t  conversion e f f i c i e n c i e s .  Fig- 
u r e  39 shows t h a t  a p o l y c r y s t a l l i n e  material ( W 0 3 )  can a l so  have reasonably h i g h  
conversion e f f i c i e n c i e s .  This  material i s  made by s t a r t i n g  wi th  metall ic tungs ten  
and then h e a t i n g  t h e  metal i n  a i r  a t  about  5OOOC u n t i l  t h e  oxide forms. The process 
is simple and t h e r e f o r e  inexpensive.  The laser- to-chemical  conversion e f f i c i e n c y  f o r  
t h i s  material reaches  6 p e r c e n t  a t  a laser photon energy of. 2.8 eV. 
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Table I V  shows t h e  semiconductor ma te r i a l s  t h a t  are s t a b l e  during the  photo- 
e l e c t r o l y s i s  process .  A l s o  included are t h e i r  r e s p e c t i v e  f l a tband  p o t e n t i a l s  wi th  
r e s p e c t  t o  a r e v e r s i b l e  hydrogen e l e c t r o d e  and t h e  b i a s  needed t o  give the  maximum 
conversion e f f i c i e n c y .  The las t  two columns g ive  t h e  energy of the  l a s e r  photons and 
t h e  maximum conversion e f f i c i e n c y .  In  every case ,  a b i a s  of a t  l e a s t  1.5 V i s  
requ i r ed  t o  achieve the  h i g h e s t  e f f i c i e n c i e s ,  and t h e  energy of the  r equ i r ed  laser 
photons i s  i n  t h e  u l t r a v i o l e t .  A Schottky b a r r i e r  z i n c - s u l f i d e  pho tovo l t a i c  c e l l  has 
i t s  peak response i n  t h e  uv and i s  capable  of supplying t h e  b i a s  requi red  f o r  maximum 
e f f i c i e n c y .  (The e f f i c i e n c i e s  c i t e d  h e r e i n  a r e  based on t h e  enthalpy o r  energy 
evolved i n  the  chemical recombination of hydrogen and oxygen to  form water a s  would 
be t h e  case ,  f o r  example, f o r  t h e  combustion process  t ak ing  p l ace  i n  a rocke t  
engine.  ) 

The h i g h e s t  e f f i c i e n c y ,  38 pe rcen t ,  is obta ined  by a n  SrTi03 e l e c t r o d e ,  and t h e  
next  h i g h e s t  e f f i c i e n c y  ( 3 3  p e r c e n t )  is obtained by a T i 0 2  e l ec t rode .  
e f f i c i e n c y  of 6 pe rcen t  can be achieved f o r  a p o l y c r y s t a l l i n e  e l e c t r o d e  of thermal ly  
grown tungs t en  t r i o x i d e .  

A convers ion  

Unsuccessful e f f o r t s  w e r e  made t o  c o n s t r u c t  a ZnS pho tovo l t a i c  ce l l  t o  demon- 
strate the  high conversion e f f i c i e n c i e s .  Therefore ,  t h e  premise f o r  high l a s e r  con- 
vers ion  e f f i c i e n c y  with s t a b l e  photoe lec t rodes  is  no t  f u l l y  demonstrated. 

1 2 .  CONCLUDING REMARKS 

An experimental  and t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  semiconductor e l e c t r o d e  has  
been c a r r i e d  ou t ,  and p a r t i c u l a r  emphasis has been p laced  on the  p o s s i b i l i t y  of i t s  
use  as p a r t  of a space power system. Using a s e m i c l a s s i c a l  a n a l y s i s ,  a model of t h e  
phys ica l  and chemical processes  t h a t  occur when the  e l e c t r o d e  i s  i l l umina ted  has  been 
developed. "his model desc r ibes  the  s t a t i c  space-charge d i s t r i b u t i o n  wi th in  t h e  
semiconductor and the  t r a n s p o r t  of photogenerated excess  charge t o  the  e l e c t r o d e -  
e l e c t r o l y t e  i n t e r f a c e ,  where it i s  transformed by a chemical r eac t ion .  Using an 
approximation t o  the  charge t r a n s p o r t  equat ions ,  an e s t i m a t e  was made of t h e  i n t e n -  
s i t y  of i n c i d e n t  i l l u m i n a t i o n  a t  which the  photogenerated c a r r i e r  t r a n s p o r t  would 
s a t u r a t e .  
an argon-ion l a s e r .  

Using SrTi03 e l e c t r o d e s ,  t he  s a t u r a t i o n  of pho toe f fec t s  was observed with 

Experimentation on t h e  temperature  dependence of t h e  broadband photocurren t  f o r  
SrTi03 and T i O Z  photoe lec t rochemica l  c e l l s  demonstrates an increased  e f f i c i e n c y  wi th  
i n c r e a s i n g  temperature.  This  e f f e c t ,  which is a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  band- 
gap narrows with temperature ,  may prove u s e f u l  i n  enhancing t h e  s o l a r  conversion 
e f f i c i e n c y  f o r  l i qu id - junc t ion  s o l a r  c e l l s .  

The e f f e c t  of temperature  on t h e  onse t  p o t e n t i a l  f o r  t h e  photocurren t  w a s  inves-  
t i g a t e d  f o r  t he  metal-oxide e l e c t r o d e s  Fe203, Ti02, SrTiO and W 0 3 .  In  aqueous 
e l e c t r o l y t e s ,  t h e  o n s e t  p o t e n t i a l  decreased l i n e a r l y  wi th  inc reas ing  ce l l  tempera- 
t u r e .  An a n a l y s i s  i n d i c a t e s  t h a t  t h e  slope of t h i s  curve is  p ropor t iona l  t o  t h e  
p o i n t  of zero  ze t a  p o t e n t i a l  f o r  t h e  p a r t i c u l a r  e l e c t r o d e  ma te r i a l .  The p o i n t  of 
ze ro  z e t a  p o t e n t i a l  determined i n  t h i s  way agrees  w e l l  wi th  t h e  values  obta ined  i n  
t h e  l i t e r a t u r e .  These experiments have r e s u l t e d  i n  a new and nondes t ruc t ive  method 
€or determining t h e  p o i n t  of zero  z e t a  p o t e n t i a l  of macroscopic semiconductor 
ma te r i a l s .  

3: 
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The e f f e c t  of p l a t i n i z e d  powdered Ti02 on t h e  photoproduct ion of t h e  halogens 
from aqueous s o l u t i o n s  of t h e i r  r e s p e c t i v e  i o n s  w a s  i n v e s t i g a t e d .  It w a s  found t h a t  
p l a t i n i z e d  Ti02 powder w a s  m o r e  effect ive i n  enhancing t h e  d e s i r e d  r e a c t i o n  than  
u n p l a t i n i z e d  powder, and t h e  r e a c t i o n  rates w e r e  h i g h e r  a t  l o w e r  s o l u t i o n  pH.  A l s o ,  
t h e  product ion rate for t h e  halogens is  i n  t h e  o r d e r  I2 > B r 2  > C12 and is caused by 
t h e  d i f f e r e n c e  i n  the a b i l i t y  of t h e  h a l i d e  anions t o  compete wi th  w a t e r  for  t h e  
photoproduced h o l e s  i n  t h e  semiconductor. The demonst ra t ion  of  t h e  p h o t o c a t a l y t i c  
product ion of c h l o r i n e  and bromine f r o m  s o l u t i o n s  of t h e i r  i o n s  i n  the presence of 
p l a t i n i z e d  powdered Ti02 s u g g e s t s  a n  inexpensive i n d u s t r i a l  method f o r  producing 
t h e s e  chemica 1s. 

Layered t r a n s i t i o n  metal thiophosphate  c r y s t a l s  w e r e  f a b r i c a t e d  and tested for 
use as photoe lec t rodes  i n  photoe lec t rochemica l  cells. Of the materials fabricated, 
only SnPS3, Nips3, and FePS3 w e r e  s table,  and t h e s e  w e r e  s table only i n  acid s o l u -  
t i o n s .  C r y s t a l s  of SnPS3 e x h i b i t e d  i n t r i n s i c  n- and p-type photocurren t  response.  
The iron-based and nickel-based s u l f u r  compounds showed o n l y  p-type photocurrent-  
vo l tage  c h a r a c t e r i s t i c s .  The materials had an i n d i r e c t  bandgap of about  2.1 e V  and 
a n  o n s e t  p o t e n t i a l  near  z e r o  re ferenced  t o  t h e  s a t u r a t e d  calomel  e l e c t r o d e  (SCE) a t  
pH-2. These materials showed l o w  conversion e f f i c i e n c i e s  when used as photoelec-  
trodes i n  l i q u i d - j u n c t i o n  p h o t o v o l t a i c  cells wi th  iodide and t r i - i o d i d e  as a redox 
couple.  

The laser conversion e f f i c i e n c y  of photoe lec t rochemica l  cel ls  w a s  explored u s i n g  
a technique of i n t e r c e p t i n g  t h e  l i g h t  r e f l e c t e d  from t h e  window of t h e  p h o t o e l e c t r o -  
chemical  c e l l  wi th  a p h o t o v o l t a i c  c e l l  t o  provide t h e  e x t e r n a l  b i a s  needed t o  o b t a i n  
the  optimum c o n d i t i o n s  for conversion.  The technique w a s  demonstrated us ing  a-Fe203 
as t h e  photoe lec t rode  and t h r e e  s i l i c o n  solar ce l l s  wi th  laser r a d i a t i o n  energy of 
2.4 eV.  The s i l i c o n  s o l a r  cel ls  provided an e x t e r n a l  bias of 1.0 V using only  t h e  
r e f l e c t e d  laser r a d i a t i o n .  On t h e  basis of t h i s  technique,  an e f f i c i e n c y  of 38 per-  
c e n t  can be achieved €or  t h e  conversion of laser r a d i a t i o n  t o  s t o r a b l e  chemical 
energy i n  t h e  form of hydrogen and oxygen. 
photoe lec t rode ,  z i n c  s u l f i d e  as the p h o t o v o l t a i c  ce l l ,  and a laser photon energy of 
3.8 eV.  

This can be achieved by using SrTi03 as a 
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APPENDIX 

SEMICONDUCTOR ENERGY-BAND MODEL 

The s imple energy-band model of a semiconductor i s  o u t l i n e d  i n  t h i s  appendix and 
provides  the background for our  t r e a t m e n t  of the semiconductor e l e c t r o d e .  This out-  
l i n e  is  inc luded  h e r e  t o  provide a concise  s ta tement  of a l l  t h e  assumptions which 
u n d e r l i e  t h i s  work. Some of the d e t a i l s  omit ted i n  t h i s  appendix can be found i n  
r e f e r e n c e s  54 through 57. 

This  model i s  based upon a s i m p l i f i e d  view of energy-band s t r u c t u r e ,  which is  
applicable t o  a l l  d i r e c t  bandgap semiconducting materials. The a c t u a l  band s t r u c t u r e  
of a material used as a semiconducting e l e c t r o d e  is approximated by t w o  energy bands, 
each with a s i n g l e  extremum a l i g n e d  as shown i n  f i g u r e  40. The energy-momentum rela- 
t i o n  near  a n  extremum a t  k = 0 can be approximated by t h e  q u a d r a t i c  equat ion  

2 

2m 
E ( k )  = E ( 0 )  f k2 

where m* is t h e  e f f e c t i v e  mass of p a r t i c l e s  occupying s ta tes  i n  t h a t  band. This  
l eads  t o  an e x p r e s s i o n  for t h e  d e n s i t y  of states i n  t h e  conduct ion band 

and an express ion  f o r  t h e  d e n s i t y  of states i n  t h e  va lence  band 

The d e n s i t y  of states is  r e p r e s e n t e d  g r a p h i c a l l y  i n  f i g u r e  40. 

43 



APPENDIX 

The equ i l ib r ium energy d i s t r i b u t i o n  of e l e c t r o n s  abou t  a Fermi energy EF is  
contained i n  t h e  Fermi d i s t r i b u t i o n  func t ion  

The concen t r a t ion  of 
the  dark i s  given by 

e l e c t r o n s  i n  t h e  conduction band a t  thermodynamic equ i l ib r ium i n  
t h e  i n t e g r a l  

and t h e  concen t r a t ion  of ho le s  i n  t h e  valence band is  given by t h e  i n t e g r a l  

Af t e r  a change i n  v a r i a b l e ,  equa t ions  (A4) and (A5) can  be r e w r i t t e n  as 

and 

The Fermi i n t e g r a l  F l I 2 ( x )  i s  de f ined  by 

-1 
~ ' / ~ [ 1  + exp(x  + s ) ]  ds  
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A graph of this f u n c t i o n  appears i n  f i g u r e  41. If t h e  independent  variable i n  t h e  
< Fermi i n t e g r a l  

i n  c l o s e d  f o r m  1 
b 

above is l a r g e r  than  3, t h e  i n t e g r a l  can be approximated and e v a l u a t e d  
as 

-. If t h e  Fermi energy ,I 
Y i s  a t  l eas t  3kT away from ei ther  t h e  conduction band edge or t h e  valence band edge, 

EC - E 
k T  Or kT I n  t h i s  case t h e  v a r i a b l e  x i s  e i t h e r  

1 t h e  c o n c e n t r a t i o n  of e1ect::ons and h o l e s  can be approximated by t h e  Boltzmann d i s t r i -  
b u t i o n  as fol lows:  

n = N C e-(- 

with 

NC = 2 eTS2 
and 

p = NV e-.(- 

with 

* 3 /2  

NV = 

A t  room temperature ,  the factor 3kT has a va lue  smaller t h a n  0.1 eV,  so it i s  reason- 
able t o  use Boltzmann s ta t is t ics  i n  equat ions  (A91 and (A101 t o  d e s c r i b e  e l e c t r o n  and 

c e n t r a t i o n s  g i v e s  a n  e x p r e s s i o n  t h a t  depends simply upon t h e  energy gap, namely 

1 
Y h o l e  c o n c e n t r a t i o n s  a t  t h e s e  temperatures .  The p r o d u c t  of t h e  charge carrier con- 
!!I 

IF 

1 

n p = "  c v  exp(-z)  

' 1  
I 
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I n  a n  i n t r i n s i c  semiconductor (chemical ly  pure,  s i n g l e  c r y s t a l ) ,  t h e  only charge 
comes from thermal ly  e x c i t e d  e l e c t r o n s  and holes .  The bulk of the semiconductor must 
be e l e c t r i c a l l y  n e u t r a l .  Charge n e u t r a l i t y  is  specified by the c o n d i t i o n  

n - p = O  

which w e  express  i n  terms of t h e  i n t r i n s i c  carrier c o n c e n t r a t i o n  ni by 

n = n i = p  (A1  2 )  

S u b s t i t u t i n g  t h e  Boltzmann d i s t r i b u t i o n s  f o r  n and p, e q u a t i o n s  ( A 9 )  and ( A 1 0 )  
i n t o  equat ion  ( A 1 2 ) ,  t h e  Fe rd  energy €or an i n t r i n s i c  semiconducting material i s  
related to  t h e  semiconductor parameters  

or 

b Y  

This va lue  of t h e  i n t r i n s i c  Fermi energy provides  a r e f e r e n c e  level a g a i n s t  which 
o t h e r  e n e r g i e s  can be convenient ly  measured. Its va lue  i s  approximately h a l f  way 
between t h e  e n e r g i e s  of t h e  valence and t h e  conduct ion band edges s o  t h a t  i t  sat is-  
f i e s  t he  c o n d i t i o n s  r e q u i r e d  f o r  t h e  use of Boltzmann s ta t i s t ics .  The i n t r i n s i c  
carr ier  c o n c e n t r a t i o n ,  d e f i n e d  by equat ion  ( A 1 2 ) ,  can be expressed  i n  terms of t h e  
energy gap us ing  equat ion  ( A l l )  as follows: 

n .  1 = dwexp(- k) 
In a semiconducting c r y s t a l  t h a t  i s  n o t  chemical ly  pure  o r  nons to ich iometr ic  (a 

n o n i n t r i n s i c  semiconductor) ,  t h e  c o n d i t i o n  of charge n e u t r a l i t y  i n  t h e  bulk given by 
e q u a t i o n  ( A l 2 )  must be modified t o  ref lect  t h e  s t a t i s t i c a l  charge d i s t r i b u t i o n  asso- 
ciated w i t h  i m p u r i t i e s  or imperfec t ions  wi th in  t h e  c r y s t a l .  This m o d i f i c a t i o n  
depends upon s t r u c t u r a l  d e t a i l s  of t h e  n o n i n t r i n s i c  semiconductor which are n o t  o f t e n  
available. I n  t h i s  paragraph,  a simple p i c t u r e  of donor- and acceptor-atom occupa- 
t i o n  s ta t i s t ics  tha t  provides  a n  approximate t r e a t m e n t  of t h e  problem of occupat ion 
statist ics of impur i ty  levels is  descr ibed .  This d e s c r i p t i o n  i s  s imilar  t o  t h a t  i n  
r e f e r e n c e s  57 through 60, b u t  o t h e r  more e x a c t  t r e a t m e n t s  can be found elsewhere 
(refs.  61 and 6 2 ) .  If t h e  n o n i n t r i n s i c  e f f e c t s  are cons idered  t o  be caused by a 
s i n g l e  l o c a l i z e d  one-electron s ta te  of energy 
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e l e c t r o n  t r a n s f e r ,  the p r o b a b i l i t y  tha t  t h e  level i s  occupied by an e l e c t r o n  or h o l e  
is given by 

f ( E )  = [ 1 +-e- :* (..,, EF)]-l 

where g i s  the number of degenera te  states a s s o c i a t e d  w i t h  t h e  vacant  l e v e l ,  and 
d ;? g* is the number of states a s s o c i a t e d  with t h e  occupied level. By r e p r e s e n t i n g  t h e  
r r a t i o  of degeneracy i n  t h e  form 

t h e  p r o b a b i l i t y  of occupancy can be w r i t t e n  i n  terms of a s i n g l e  parameter,  t h e  
e f f e c t i v e  energy level 

* 
Es, by t h e  u s u a l  Fermi d i s t r i b u t i o n  f u n c t i o n  

- 'F) fk:) = 1 + exp kT 

where 

* 
Es = E  + A E =  E + k T  

S S 

(A1 6 )  

A s  shown i n  equat ion  (Al7 ) ,  t h e  e f f e c t  of t h e  degeneracy of s ta tes  a t  room tempera- 
t u r e  is minimal. 

The semiconductor is  assumed to  have a c o n c e n t r a t i o n  of a c c e p t o r s  NA wi th  
energy level 

&e d e n s i t y  of e l e c t r o n s  occupying donor l e v e l s  (un-ionized donors)  
d e n s i t y  of h o l e s  occupying acceptor l e v e l s  (un-ionized acceptors) pA obta ined  from 

EA j u s t  above t h e  valence-band energy, and a c o n c e n t r a t i o n  of donors  
1 N w i t h  energy level  ED j u s t  b e l o w  the conduction-band energy. (See f i g .  42. )  

nD and t h e  

V S  equat ion  (A161 are then expressed by t h e  equat ions  

kT 
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and 

pA = N [ 1 3- exp (.F kT - ':)I1 
A 

The cond i t ion  f o r  charge n e u t r a l i t y  i n  t h e  bulk r e q u i r e s  t h a t  t h e  t o t a l  number 
be equa l  t o  t h e  

D D + NA - 
of nega t ive  charges ,  e l e c t r o n s  p l u s  ion ized  accep to r s  
t o t a l  number of p o s i t i v e  charges ,  ho le s ,  and ion ized  donors  p + - n This condi- 
t i o n  can be expressed  by t h e  equat ion  

n - p = NA[l - 

When t h e  Fermi energy d i f f e r s  from e i t h e r  e f f e c t i v e  i o n i z a t i o n  energy (EA 
and is  between them, complete i o n i z a t i o n  is  expected,  and i n  t h i s  case the  c o n d i t i o n  
f o r  charge n e u t r a l i t y  becomes 

o r  ED) 

n - p = N  - N  ( A 2 1  1 D A 

Assuming t h a t  t h e  e l e c t r o n  and h o l e  concen t r a t ions  are governed by Boltzmann s ta t is-  
t ics  (eqs.  (A9) and ( A l O ) ) ,  t h e  fo l lowing  r e l a t i o n  invo lv ing  t h e  Fermi energy and t h e  
o t h e r  c h a r a c t e r i s t i c s  of t h e  semiconductor can be der ived:  

ND - NA 
s i n h  [z(P - 6)] = 2ni 

where 

and 

6 = 2 + kT l n ( $ j  

4 8  



A P P E N D I X  

By s o l v i n g  f o r  t h e  Fermi energy d i r e c t l y ,  w e  o b t a i n  f o r  t h e  case of an n-type 
semiconductor 

and a p-type semiconductor 

is obta ined .  
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TABLE I.- COMPARISON OF pH AT POINT OF ZERO ZETA POTENTIAL (PH ) DETERMINED 
FOR TWO-SOLUTION p~ VALUES WITH VALUES CITED IN LITERA!%% FOR 

OXIDE-SEMICONDUCTOR ELECTRODES 

1.15 
1.5 

0.1 

pH at r e f .  RHE? Electrode , 
125OC 1 a t  25OC 

6.2 x 1017 3.0 x 1021 4.1 
5.8 

7.6 x lo1’ 9.8 x 10l8 0.5 

Fe 2 ‘3 1 1 :  I 0.5 
.4 

SrTi03 -0.18 I 1: 1 -.24 

T i 0 2  I 1: 1 0.11 
-.07 

2.9 tITFl-i-TT 
2.7 I I I 8.8 

I 
Average L i t e ra tu re  

PHpzzp PHpzzp 

5.0 I 5.8 

0.5 I 0.43 

aSemiconductor parameter used i n  equation (8.2) . 
bTaken from f igu re  20. 
‘Determined from Mott-Schottky p l o t s .  



TABLE 11.- COMPARISON OF HALOGEN PRODUCTION FOR CATALYSTS AND pH VALUES 

-- I I 1 40 

1 1 e98 

2 I .4 
2 2.3 

_ _  

1.7 M KBr a7.0 100 mg Pt-Ti02 
1.7 M N a C l  I ‘7.0 [ 100 mg Pt-Ti02 

2.0 M K I  5.5 None 
2.0 M K I  5.5 150 mg A l 2 O 3  
2.0 M K I  5.5 150 mg T i 0 2  2 3.5 
2.0 M K I  5.5 150 mg Pt-Ti02 2 4.9 
2.0 M K I  5.5 150 mg Pt-Ti02 4 f10.8 
2.0 M K I  2.0 150 m g  Pt-Ti02 2 158 

- 

3.0 M KBr 5.5 150 mg T i 0 2  40 1.3 
3.0 M KBr  5.5 150 mg Pt-Ti02 3 .9 

3.0 M KBr 1.8 150 mg P t - T i 0 2  3 11 

3.0 M N a C l  5.5 150 mg P t - T i 0 2  3 0.9 
3.0 M N a C l  5.5 200 mq Pt-Ti02 24  2.6 
3.0 M N a C l  1.2 150 m q  T i 0 2  40 4 

3.0 M K B r  5.5 150 mg Pt-Ti02 23 6.2 

3.0 M N a C l  1.2 150 mg Pt-Ti02 3 13  
3.0 M NaCl 1.2 150 mg P t - T i 0 2  20 40 

1 ~ - - 

I Amount produced, 

I - I 
riour s I micromole 1 

I 
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TABLE 111.- CRYSTAL GROWTH CONDITIONS,  ONSET POTENTIALS,  
RANDGAP, AND CONDUCTIVITY TYPE O F  LAYERED 

TRANS ITION-METAL T H I O P  HOSP HATES 

2.15 
2.18 
2.0 

( a  1 

Material I Th@h' I T l o w r  
OC 

n, P 
P 
P 
n 

I 

I 

1 1  

SnPS 
FePS3 
N i p s 3  
SnPSe 
MnPS3 
BiPS4 

CrPS3 
FePSe 
G a P S 2  

COPS 2 

2.8 
3.5 
3.8 
3.5 
3.9 
5.0 
5.0 

630 
670 
670 
630 
700 
660 
670 
670 
670 
450 

6 
33 
38 
15 

15  
10 

t 

a U n d e r t e r m i n e d  
bNo photorespo 

600 
620 
620 
600 
620 
61 0 
620 
620 
6 20 
430 

se. 

ref .  S C E  
vo& pH-2  

0 
0 

.2 
0 
-.l 
-.3 
(b) 

1 

C o n d u c t i v i t y  
E Z ~ '  I type 

n 5 I I n t r i n s i c  

TABLE 1V.- MAXIMUM LASER-TO-CHEMICAL ENERGY CONVERSION E F F I C I E N C I E S  FOR 
SEMICONDUCTOR-BASED PHOTOELECTROLYTIC CELLS 

S e m i c o n d u c t o r  
$ 

w03 
T i O ,  

L 
S r T i 0 3  
a-Fe 203 
BaTi03 
K T a 0 3  

KTa 0.7 7Nb 0.2 3'3 

~ 

VFB ref.  RHE 

0.4 
-.l 
- .4 

.4 
-.2 
-.3 
-.3 

B i a s ,  V 

4 
1.5 t o  2 
1 .5 t o  2 

2 
1.5 t o  2 

1.5 
1.5 
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SEMICONDUCTOR ELECTROLYTE COUNTER ELECTRODE 

P HOTOC U R RENT 
I L L U M  I NATED 

DARK 
.. * 

VO LTA GE 

Figure  1. - Schematic of a photoe lec t rochemica l  c e l l  and cu r ren t -vo l t aqe  response 
€or  dark and i l l umina ted  c o n d i t i o n s .  
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ELECTRON ENERGY 

i 

I- 

EV 
SEMICONDUCTOR 

( a )  Before charge r e d i s t r i b u t i o n .  

ELECTRON ENERGY c EC 

E LE CTR 0 LY TE I SEMICONDUCTOR 

( b )  After charge r e d i s t r i b u t i o n .  

F igure  2.- Schematic of energy l e v e l s  i n  an n-type semiconductor e l e c t r o d e  
and e l e c t r o l y t e .  

59 



1 ELECiRI: ENERGY 

E = O  

t I h t  + RED+Ox 

- - - - - - - 
EF, REDOX 

I 

EF 

ED 

-- - - - _ - - _ _  

ES s 

E F, REDOX 

SEMI CONDUCTOR ELECTROLYTE 

Figure  3 . -  Energy-band diagram of an n-type semiconductor -e lec t ro ly te  i n t e r f a c e .  

Fiqure 4.- Schematic of redox l e v e l s  i n  e l e c t r o l y t e  showing d i s s o c i a t i o n  energy  
and s u r f a c e  states.  
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Figure 5 .- I o n i c  charge d i s t r i b u t i o n  i n  t h e  semiconductor -e lec t ro ly te  i n t e r f a c i a l  
region.  P o t e n t i a l  of t h i s  electrostatic f i e l d  due t o  i o n i c  and mobile charge 
d i s t r i b u t i o n s  is  shown i n  bottom h a l f  of ske tch .  An n-type semiconductor 
d e p l e t i o n  r e g i o n  is assumed. 
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Fiqure  6.- Schematic of band bending dt s u r f a c e  of n-type semiconductor. 
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l o o r  
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10 
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+.5 - 

-.5 +. 
I 

1-1 

I 

Figure 7.- So lu t ions  t o  Poisson-Boltzmann equat ion .  Dimensionless p e n e t r a t i o n  
parameter is p l o t t e d  a long  abscissa. No o r i g i n  of t h i s  coord ina te  i s  de f ined  i n  
graph, so y = 0 can be e s t a b l i s h e d  beneath any s p e c i f i e d  i n i t i a l  va lue  of 
A ( 0 ) .  Upper curves  r e p r e s e n t  charge d i s t r i b u t i o n  i n  d e p l e t i o n  region.  L o w e r  
curves  r e p r e s e n t  charge d i s t r i b u t i o n  i n  accumulation region.  
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0 W 

0 W 

F i g u r e  8.- Electr ic  f i e l d ,  c h a r q e  d e n s i t y ,  and p o t e n t i a l  d i s t r i b u t i o n  for 
a b r u p t  approximation.  

F i q r e  9.- pladrat ic  n o n l i n e a r  e q u a t i o n  of c h a r q e  c o n c e n t r a t i o n  and i t s  
phase  por t ra i t .  
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F i g u r e  10.- Behavior  of i n c i d e n t  l i g h t  i n t e n s i t y  as a f u n c t i o n  of parameter Xo. 
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Figure  11.- Behavior o f  i n c i d e n t  l i g h t  i n t e n s i t y  as a f u n c t i o n  of 
band-bendinq parameter. 

66 

1.0 

0.9 

0.8 

Q. 7 

0.6 

v) 

0- 0.5 
0 - 

0 . 4  

0 . 3  

0.2 

0.1 

0 



100 

Photo- 
current 

(CLN 

10 

1 
0.1 1 10 

Laser power (mw) 
100 

Fiqure  12.-  Photocurren t  as  a func t ion  of  i n c i d e n t  laser p o w e r  a t  351 and 364 nm 
€or a SrTi03-based photoe lec t rochemica l  c e l l  showins s a t u r a t i o n .  
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Fiqure  13.- Ideal e l e c t r o l y t i c  voltaqe fo r  w a t e r .  
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AND 
R EC 0 R D E R 

I 

I 

THERMAL PHOTOELECTROCHEMICAL CELL 

Fiqure 14.- Schematic of experimental  s e tup  of a thermal photoelectrochemical  c e l l .  

CURRENT (mA) 
- 3  

I 1 1 1 

-1.5 -1.0 -. 5 0 .5 1.0 1.5 

150 OC 
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24 OC 

100 OC 

VOLTS 

Figure 15 .- Typical photocurrent-vol tage curves f o r  a SrTi03-based p h o t o e l e c t r o l y t i c  
c e l l  i n  0.1 M NaOH f o r  four  temperatures .  P o t e n t i a l  is  referenced  t o  Hg/HgO 
e l e c t r o d e .  
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Figure 16.- Re la t ive  power conversion e f f i c i e n c y  of an S r T i O  -based 
p h o t o e l e c t r o l y t i c  c e l l  a s  a func t ion  of c e l l  temperature .  

3 

0.51 I I I . I  
0 50 IO0 150 200 

TEMPERATURE (OC) 

Figure 17.- Photocurren t  response a t  1.5 V ( r e fe renced  t o  Hg/HqO)  t o  
broadband r a d i a t i o n  p l o t t e d  a q a i n s t  c e l l  temperature  f o r  S r T i 0 3  and 
T i 0  photoanodes. 2 
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Fiwre 18.- Liqht-source spectrum and c a l c u l a t e d  thermal  handqap s h i f t  €or  SrTi03 a t  
t w o  temperatures .  
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Figure  19.- Schematic of experimental  s e t u p  t o  determine o n s e t  p o t e n t i a l  as a 
f u n c t i o n  of temperature .  
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Fiqure  20.- Temperature dependence of o n s e t  p o t e n t i a l  for  Ti02' SrTi03' W03, 
and Fe203. 
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F i F r e  21 .- Enerqy-level diaqram f o r  a semiconductor -e lec t ro ly te  j u n c t i o n  i n  
equi  librium w i t h  a reversible hydroqen electrode. 
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Figure 22.- Comparison of l i t e r a t u r e  va lues  of pHpzzp 
with va lues  determined i n  t h i s  work as a f u n c t i o n  of 
e l e c t r o n e g a t i v i t y .  Curve is  taken f r o m  r e f e r e n c e  24. 
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Fiqure  23.- Oxidat ion levels of h a l i d e s ,  w a t e r ,  and band edqes of T i 0 2  
a t  pH-1 and pH-5.5. 
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t 

Fiqure 24.- Schematic of k i n e t i c s  of p h o t o c a t a l y t i c  product ion  of c h l o r i n e  
a t  a p l a t i n i z e d  Ti02 p a r t i c l e  i n  an oxyqen-saturated aqueous s o l u t i o n  of 
c h l o r i d e  ion .  

F igure  

6R 

25.- Schematic of a haloqen photoe lec t rochemica l  cel l .  

74 



1 

2. 0 

TIA/iCmZ 
1. 0 

1 

SnPS3 

I I 

2 mA/cm 
FePS3 

.. - / 
0 

1 I 
-1.0 

NiPS3 

1 .- 1 .. I .  
0.0 1 .o 

Volts ref. SCE 

- 20 

- 40 

Figure  26.- S p i c a 1  cu r ren t -vo l t age  response of SnPS3, FePS and 
crystals  i n  pH-2 aqueous s o l u t i o n s  €or dark  c u r r e n t  cond i t ions  3' 
under i l l u m i n a t i o n  (h). 
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Figure 27.- Band edge of n-type SnPS3 and p-type FePS3 c r y s t a l s  
i n  r e l a t i o n  to  redox l e v e l s  of w a t e r ,  SCE, and t h e  redox couple 
i o d i d e  and tr i- iodide a t  pH-2. 
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Figure  29.- S p e c t r a l  photocurren t  response of n-type SnPS3 a t  0.6 V re ferenced  t o  
SCE. Linear  dependence i n d i c a t e s  a n  i n d i r e c t  bandqap, and t h e  i n t e r c e p t  g i v e s  
t h e  handgap energy. 
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Figure  30.- Spectral photocurren t  response of p-type FePS3 a t  -1.5 V re ferenced  t o  
SCE. S t r a i g h t - l i n e  dependence i n d i c a t e s  an i n d i r e c t  handqap, and t h e  i n t e r c e p t  
g i v e s  t h e  bandgap enerqy . 
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Fiqure  31.- Onset p o t e n t i a l  f o r  n-type SnPS3 p l o t t e d  a q a i n s t  s o l u t i o n  pH. 
Slope of curve i s  59 mV/pH. 
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Figure  32.- Spectral  response of n-type SnPS3 as a f u n c t i o n  of c e l l  temperature .  
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Fiqure 33.- S p e c t r a l  response  peak as a f u n c t i o n  of c e l l  temperature fo r  
n-type SnPS3. 
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Figure 34.- Photocurren t  d e n s i t y  p l o t t e d  a g a i n s t  c e l l  p o t e n t i a l  for  n-type SnPS3 i n  a 
s o l u t i o n  of 1 M H2S04, 0.025 M 13, and 1 M I- w i t h  a plat inum counter  e l e c t r o d e  
under w h i t e - l i g h t  i l l u m i n a t i o n .  
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Figure 35.- Schematic of  h igh-ef f ic iency  p h o t o e l e c t r o l y t i c  system f o r  laser 
energy conversion. 
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F i w r e  36.- Experimental  cur ren t -vol taqe  curves for  a n  a-Fe203 based 
photoe lec t rochemica l  ce l l .  
on a s i l i c o n  solar ce l l .  

Unbiased and b iased  by r e f l e c t e d  r a d i a t i o n  
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F iqure  37.- Spectral  c u r r e n t  e f f i c i e n c y  and enerqy  convers ion  e f f i c i e n c y  
for  a-Fe203. 
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Figure 38.- Quantum e f f i c i e n c y  and conversion e f f i c i e n c y  as a f u n c t i o n  of i n c i d e n t  
photon energy f o r  s i n g l e - c r y s t a l  SrTi03. 

86 

~- . .. .. . _ . .. . . ... , . , 



k 

I > 
t 
0 
0 0 I I 

2. 0 2.4 28 3.2 3.6 

Fiqure 39.- Quantum and conversion efficiency for thermally qrown W03. 
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Figure 40.- Conduction and va lence  band edges b e n t  by d e v i a t i o n s  from charge  
n e u t r a l i t y  near  s u r f a c e  of semiconductor. Rendinq i s  d e p i c t e d  by p l o t t i n g  t h e  
enerqy of a n  e l e c t r o n  a g a i n s t  depth  i n  semiconductor.  Function @(x) i s  a 
normalized p o t e n t i a l  func t ion  used t o  d e s c r i b e  shape of enerqy curve. 

88 



101 

5 

IO0 

5 

5 

lo-* 

5 

- 6  - 4  -2  0 2 4 6 

X 

Figure 41.- Graph of Fermi i n t e g r a l  F , , 2 ( ~ ) .  
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Fiqure  42.- Eherqy l e v e l s  i n  a semiconductor showinq conduct ion and valence bands, 
Fermi level, and l o c a t i o n  of donor and accep to r  l e v e l s .  
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